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38th  Annual  Frequency  Control  Symposium  -  1984 


AWARDS  PROGRAM 


INTRODUCTION 

For  a  number  of  years,  sentiment  has  been  expressed  at  Symposium  program  committee  meetings 
for  the  creation  of  Symposium  sponsored  awards  that  recognize  outstanding  contributions  in  all 
fields  covered  by  the  Annual  Frequency  Control  Symposium.  Therefore,  in  early  1983,  the  program 
committee  voted  to  create  two  such  awards.  One,  the  Cady  Award,  named  after  Walter  Guyton  Cady, 
is  to  recognize  outstanding  contributions  related  to  piezoelectric  frequency  control  devices.  The 
other,  the  Rabi  Award,  named  after  Professor  I.  I.  Rabi,  is  to  recognize  outstanding  contributions 
related  to  fields  such  as  atomic  and  molecular  frequency  standards,  time  transfer,  and  frequency 
and  time  metrology.  Each  award  consists  of  $500.00,  and  a  limited  edition  original  print  and  certi¬ 
ficate  in  a  leather  binder.  The  awards  are  presented  to  the  recipients  at  the  Symposium.  At  the 
discretion  of  the  Technical  Program  Committee,  the  recipients  may  be  reimbursed  for  travel  expenses 
to  attend  the  ceremony  during  which  the  award  is  presented. 

ELIGIBILITY  CRITERIA 

Either  award  is  open  to  any  worker  in  any  of  the  fields  of  endeavor  traditionally  associated  with 
the  Annual  Frequency  Control  Symposium.  The  nominee  for  either  award  should  be  responsible 
for  significant  contributions  of  a  technical  nature  to  the  field  selected.  No  posthumous  awards  will 
be  made.  The  time  span  over  which  the  contributions  have  occurred  is  not  limited,  and  nominations 
will  be  considered  for  totality  and  breadth  of  achievement  as  well  as  specificity  and  depth  of  contri¬ 
bution. 

The  significance  of  the  contributions  may  be  measured,  in  part  by: 

•  The  degree  of  initiative,  ingenuity,  and  creativity  displayed. 

•  The  quality  of  the  work  and  degree  of  success  attained. 

•  The  overall  importance  of  the  work  and  impact  on  the  frequency  control  and 
associated  communities. 

NOMINATIONS 

Anyone  may  nominate  another  for  either  award.  Each  nomination  should  include  the  following; 

1 .  Name  of  nominee. 

2.  Current  address. 

3.  Name  of  award  for  which  nominated. 

4.  Description  of  accomplishments,  including: 

a.  Initiative,  ingenuity,  and  creativity; 

b.  Quality  and  degree  of  success; 

c.  Importance  of  the  work  and  impact  on  the  frequency  control  and 
associated  communities; 

d.  Proposed  citation,  one  or  two  sentences  Isee  examples  on  next  page). 

5.  Name,  address  and  phone  number  of  nominator. 

It  is  strongly  suggested  that  the  nomination  not  exceed  two  typewritten  pages.  Nominations  for 
the  award  should  be  submitted  to  the  Chairman  of  the  Technical  Program  Committee  by  the  date 
announced  for  the  submission  of  summaries. 

SELECTION  OF  RECIPIENTS 

The  selection  of  the  recipient  for  each  award  will  be  made  by  the  Technical  Program  Committee 
during  the  spring  meeting.  The  decision  of  the  committee  is  final.  If,  in  the  opinion  of  the  committee, 
no  suitable  nominee  exists,  no  award  will  be  given. 
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1984  AWARD  WINNERS 


AWARD  WINNERS:  David  W.  Allan,  Frank  W.  Neilson,  (accepted  by  his  son,  David 
NeilsonI  William  8.  Benedick,  Robert  A.  Graham  and  Arthur  W.  Warner 


THE  CADY  AWARD 

Arthur  W.  Warner  was  presented  the  Cady  Award  for  his  contributions  to  the  development  of  high 
precision  quartz  crystal  units. 

THE  RABI  AWARD 

David  W,  Allan  was  presented  the  Rabi  Award  for  his  contributions  to  the  statistics  of  atomic  clocks, 
measurement  techniques,  time  scale  and  time  coordination  and  distribution. 

THE  SAWYER  AWARD 

The  Sawyer  Award  recipients  were  William  B.  Benedick,  Robert  A.  Graham  and  Dr.  Frank  W.  Neilson 
for  their  fundamental  experimental  studies  of  the  physical  properties  of  crystalline  quartz  under 
extreme  pressures  and  rates  of  loading  leading  to  applications  including  a  high  pressure  quartz  stress 
gauge  with  nanosecond  time  resolution. 
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THE  GROWTH  OF  HIGH  PURITY,  LOW  DISLOCATION  QUARTZ 

Alton  F.  Armlngton 
Rome  Air  Development  Center 
Solid  State  Science  Division 
Hanscom  Air  Force  Base,  MA  01731 
and 

Joseph  F.  Balasclo 
Motorola,  Inc. 

Components  Division 
Carlisle,  PA  17013 


Summary 

Hydrothermal  growth  runs  were  conducted  In  re¬ 
search  and  production  size  autoclaves  employing  both 
sodium  hydroxide  and  sodium  carbonate  as  the  miner¬ 
alizers.  Inert  liners  were  used  In  some  of  the  runs 
conducted  in  the  research  size  autoclaves.  The  vari¬ 
ables  examined-  during  the  course  of  this  Investigation 
were  the  effects  of  lithium  additions,  nutrient  and 
seed  quality  on  the  growth  of  alpha  quartz. 

Introduction 

The  availability  of  high  purity,  low  dislocation 
alpha  quartz  Is  limited  at  the  present  time.  This 
limitation  is  due  to  a  lack  of  demand  for  this  product, 
as  well  as,  the  inability  to  routinely  produce  It.  The 
latter  limitation  is  due.  In  part,  to  a  lack  of  under¬ 
standing  of  all  the  criteria  necessary  to  produce  a 
high  purity,  low  dislocation  material.  Both  the  Air 
Force  (RADC)  and  the  Army  (ERADCOM)  are  attempting  to 
overcome  this  limitation.  As  part  of  the  program  to 
Improve  frequency  and  timing  devices,  a  project  has 
been  Initiated  with  Motorola  to  meet  this  need  by 
attempting  to  use  the  Information  gathered  in  research 
autoclaves  over  the  past  few  years  as  a  basis  for  the 
production  of  high  grade  quartz  in  commercial  auto¬ 
claves.  It  is  believed  that  such  a  high  quality 
material  will  Improve  the  radiation  resistance,  aging 
and  short  time  frequency  offsets  required  for  several 
precision  applications  of  timing  devices.  This  paper 
will  discuss  some  of  the  preliminary  results  of  this 
program. 

Cation  impurities  that  are  believed  to  have  an 
effect  on  performance  are  the  group  one  elements 
(lithium,  sodium  and  potassium),  aluminum  and  iron. 

The  role  of  aluminum  in  quartz  appears  to  be  well 
documented  and  this  impurity  seems  to  be  the  most 
damaging  to  quartz  properties.  The  role  that  other 
impurities  play  in  quartz  is  less  understood.  The 
group  one  impurities  that  join  with  aluminum  to  pro¬ 
vide  electrical  neutrality  are  a  cause  of  offset  since 
they  are  easily  disassociated  from  the  aluminum  by 
relative  low  energies.  The  use  of  sweeping  (solid 
state  electrolysis)  to  replace  the  group  one  impur¬ 
ities  with  hydrogen,  which  Is  more  strongly  bound,  can 
essentially  eliminate  the  active  group  one  Impurities, 
The  other  Impurity  present  in  quartz  is  iron.  This 
impurity  cation  is  usually  less  than  the  aluminum  con¬ 
tent.  Work  to  the  present  time  indicates  that  this 
impurity  ion  may  not  be  a  significant  damaging  im¬ 
purity.  The  present  aim  of  this  work  is  to  reduce 
impurities  to  a  part  per  million  with  the  exception  of 
aluminum  which  we  hope  to  reduce  below  a  part  per 
million.  Since  as  yet  there  is  no  resonator  evalua¬ 
tion  of  this  material  at  the  present  time,  rVi.  must 
be  regarded  as  a  tentative  goal  pending  these  evalua¬ 
tions  . 

The  role  of  dislocations  in  quartz  properties  is 
less  defined.  It  does  appear  that  bundles  of  dis¬ 


locations  are  responsible  for  etch  pit  formation  during 
processing.  The  possibility  that  dislocations  are 
sinks  for  impurities  must  also  be  considered.  These 
impurities  may  be  a  cause  of  etch  channeling  and  may 
also  migrate  during  operation  and  affect  resonator  per¬ 
formance.  If  the  dislocations  can  be  eliminated,  this 
should  eliminate  both  of  these  possibilities. 

Experimental 

Hydrothermal  growth  runs  were  conducted  in  un¬ 
lined  production  size  autoclaves  and  both  lined  and 
unlined  autoclaves  with  inside  diameters  from  one  to 
four  inches.  All  vessels  were  instrumented  in  a 
similar  fashion  and  were  controlled  and  monitored  by 
process  control  computers. 

The  characterization  techniques  employed  for  the 
evaluation  of  the  alpha  quartz  crystals  grown  had  been 
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previously  presented  in  these  proceedings.  ’ 

Results  and  Discussions 

Mineralizers 

One  of  the  goals  of  this  program  is  to  develop 
the  ability  to  grow  high  purity,  low  dislocation  alpha 
quartz  from  either  the  sodium  hydroxide  or  the  sodium 
carbonate  mineralizer.  Typically  prepared  reagent 
grade  mineralizer  solutions  were  analyzed  for  their 
starting  purity  with  respect  to  some  of  the  impurities 
of  interest.  Table  1  lists  these  data.  The  mineral¬ 
izers  were  found  to  be  of  equivalent  reagent  grade 
quality  with  neither  possessing  an  unexpected  impurity 
level  nor  a  significant  difference  in  levels  between 
them.  The  growth  runs  in  which  these  particular  so¬ 
lutions  were  used  are  in  parenthesis.  Lithium  was  not 
analyzed  since  all  of  these  solutions  intentionally 
contained  this  cation. 

To  follow  the  effect  of  the  addition  of  lithium 
to  the  mineralizer,  a  series  of  runs  was  conducted 
without  its  addition  in  both  lined  and  unlined  auto¬ 
clave  runs.  Impurity  levels -fn  those  crystals  were 
then  compared  with  quartz  crystals  grown  in  runs  with 
the  lithium  addition  (.Table  2).  All  other  conditions 
remained  the  same  for  these  runs.  The  nutrient  supply 
used  was  fractured  cultured  quartz  crystals  with  an 
average  aluminum  content  of  about  15  ppm.  Data  ob¬ 
tained  so  far  indicate  that  there  is  a  greater  uptake 
of  iron  by  the  crystals  grown  i.i  an  unlined  vessel 
when  lithium  is  not  present  ir  tht  r.ilr  ernlizer .  Also 
the  aluminum  content  in  crysta.'.  .■  c,  ir.  runs  ..on- 
ducted  without  a  liner  was  r  .'.,-.  ■'  .  .!  tlv  Irwer  thnTi 

that  found  in  alpha  qu.irtz  'r--..  lined  autoclave 

runs.  These  results  may  be  cai.lo;i  that  th.o 

walls  of  a  steel  autoclave  sere.  nucleatlon  site 

for  various  compounds  containl,;.  t’.ice  amounts  of 
aluminum  and  lithium.  After  this  group  of  runs,  all 
others  were  conducted  with  lithium  additions  to  tiie 
mineralizer. 
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Nutrient 


During  the  conduction  of  these  growth  runs,  a 
variety  of  nutrient  supplies  were  employed.  The  piep- 
aratlon  methods  used  to  generate  these  alpha  quartz 
nutrients  are  schematically  Illustrated  In  Table  3. 
Growth  runs  were  completed  utilizing  the  five  differ¬ 
ent  nutrient  supplies  shown  In  this  table.  Cultured 
Quartz  I  and  Cultured  Quartz  II  were  produced  by 
successive  recrystalllzatlons  from  natural  quartz 
nutrient.  Cultured  Quartz  III  Is  pure  Z  Cultured 
Quartz  II  nutrient,  obtained  by  removing  all  X  regions 
before  fracturing  the  material  for  nutrient.  The 
synthetic  alpha  quartz  was  produced  through  Che  conver¬ 
sion  of  fused  quartz  In  an  Inert  liner  with  sodium 
hydroxide  as  the  mineralizer.  Table  A  compares  the 
typical  Impurity  levels  found  In  each  of  the  nutrient 
supplies.  All  ppm  values  reported  In  this  paper  were 
determined  by  atomic  absorption  unless  otherwise  In¬ 
dicated.  The  levels  shown  for  Cultured  Quartzes  I  and 
III  were  determined  from  pure  Z  sections.  It  Is  known 
that  the  X  regions  usually  contain  higher  ppm  levels 
and  therefore,  would  Increase  the  average  ppm  level 
for  each  cultured  quartz  nutrient  supply  (eg.  Cultured 
Quartz  II  compared  to  Cultured  Quartz  III).  The  high 
sodium  level  detected  In  the  converted  nutrient  supply 
may  have  been  due  to  the  occlusion  of  some  mineralizer 
In  the  sample  analyzed. 

A  number  of  quartz  crystals  were  grown  from  each 
nutrient  supply  and  some  were  analyzed  for  their  up¬ 
take  of  Impurities.  Table  5  compares  these  Impurity 
levels  as  a  function  of  the  nutrient  supply  employed. 

A  substantial  reduction  of  approximately  14  ppm  of 
aluminum  was  achieved  between  crystals  grown  from  the 
natural  quartz  nutrient  and  the  pure  Z  recrystalllzed 
cultured  nutrient.  These  data  Indicate  that  It  Is 
possible  to  produce  high  purity  cultured  quartz  In  un- 
llned  autoclave  runs.  In  fact,  the  purity  of  the 
crystal  grown  from  the  Cultured  Quartz  III  nutrient  Is 
almost  equivalent  with  that  grown  from  the  converted 
optical  quartz  nutrient. 

Inert  Liner  Runs 

In  most  of  the  research  size  runs  liners  have 
been  used  both  to  ease  the  cleaning  procedure,  as  well 
as,  possibly  to  Increase  the  purity  of  the  product 
crystals.  Some  results  comparing  Inert  liner  runs  are 
shown  In  Table  6.  In  these,  only  pure  Z  (Cultured 
Quartz  III)  material  was  used  as  nutrient.  The  results 
Indicate  that  with  the  use  of  a  high  grade  nutrient, 
very  high  purity  can  be  obtained  with  or  without  an 
Inert  liner.  Within  the  limits  of  our  present  analyt¬ 
ical  technique,  the  purity  Is  essentially  the  same. 

It  should  be  emphasized  that  In  all  the  unllned  runs, 
the  autoclaves  were  thoroughly  clMned  between  runs, 
even  chemically.  Without  this  treatment  we  find  higher 
Impurity  levels.  The  question  as  to  whether  or  not 
silver  liners  can  reduce  the  number  of  Inclusions  In 
the  as-grown  crystal  Is  unanswered.  However,  we  have 
generated  enough  samples  to  be  able  to  determine  If 
there  Is  a  significant  difference  and  are  In  the  pro¬ 
cess  of  analyzing  these  data. 

Scale  Up  Factors 

Table  7  gives  some  results  using  autoclaves  of 
different  Inside  diameters.  All  data  contained  In  this 
table  are  from  unllned  runs.  Obviously,  these  values 
represent  some  of  the  highest  purities  obtained  and 
thus  are  better  than  those  usually  reported  for  as- 
grown  alpha  quartz.  Runs  A,  B  and  C  were  produced  In 
research  size  autoclaves.  Runs  D  and  E  represent  data 
from  two  different  quartz  manufacturers.  The  nutrient 
supply  used  In  all  cases  was  of  high  quality,  but  not 


the  same  material. 

The  Inability  to  differentiate  the  Impurity  con¬ 
tent  among  the  crystals  analyzed  In  Table  7  Is  related 
to  the  present  limit  of  reliable  detection  for  the 
analysis  methods  commonly  employed.  Table  8  shows  a 
comparison  of  EPR  and  AA  results  at  low  Impurity 
levels.  Crystal  X  was  grown  from  a  3"  Inside  diameter 
autoclave;  Y  from  a  commercial  autoclave  and  crystal  Z 
from  a  lined  autoclave  run.  It  appears,  that  at  these 
Impurity  levels,  both  techniques  are  marginal.  We 
have  recently  gained  access  to  an  Inductively  coupled 
quadrapole  mass  spectrometer  which  Is  reported  to  be 
accurate  to  the  part  per  billion  range  and  have  begun 
checking  some  of  the  material  using  this  technique. 

We  hope  to  be  able  to  assess  the  accuracy  of  this 
technique  In  the  next  few  months.  Until  that  time,  our 
analytical  methods  may  not  produce  precise  results  at 
very  low  Impurity  levels. 

Seed  Effects 

In  order  to  determine  the  effects  of  seed  prepar¬ 
ation  procedures  on  the  quality  of  the  crystals  grown 
from  these  seeds,  for  the  most  part,  only  high  Q 

6  “2 
(2.4x10°)  and  low  etch  channel  density  seeds  (111cm  ) 

were  employed.  The  seeds  were  0°X  and  each  seed  pos¬ 
sessed  good  x-ray  orientation.  All  seeds  were 
Inspected  with  a  polarlscope  in  order  to  determine 
whether  or  not  any  strain  was  present.  In  the  few  In¬ 
stances  when  strain  was  detected  In  a  seed,  the 
location  of  the  strained  area  was  recorded  and  the 
seed  mounted  In  the  growth  rack  so  that  It  could  be 
properly  Identified  and  the  as-grown  crystal  separated 
upon  conclusion  of  the  hydrothermal  growth  run.  Dur¬ 
ing  these  early  growth  runs,  some  seeds  were  also  cut 
from  the  plus  X  region  of  an  as-grown  crystal  and 

these  seeds  were  then  oriented  as  a  pure  Z  0°X  seed. 

Table  9  lists  the  three  major  etching  solutions 
employed  for  seed  preparation  techniques.  All  three 
etchants  have  been  used  primarily  to  etch  seeds  for 
five  to  ten  minutes,  respectively,  at  room  temperature. 
The  ammonium  blfluorlde  etchant,  however,  has  been 
employed  to  etch  seeds  up  to  60  minutes  In  five  minute 
Intervals.  The  third  etchant  solution  listed  In  this 
table  was  the  only  etchant  used  at  elevated  tempera¬ 
tures  and  extended  etching  times.  The  purpose  for 
this  was  to  produce  chemically  polished  transparent 
seeds  for  growth. 

Among  these  seed  preparation  techniques,  little 
differentiation  has  been  found  with  respect  to  the 
etch  channel  density  measured  on  crystals  grown  upon 
seeds.  What  was  discovered,  however,  was  that 
strained  seeds  resulted  In  higher  etch  channel  den¬ 
sities  In  the  as-grown  crystals  than  that  found  In 
crystals  grown  upon  unstrained  seeds.  Table  10  com¬ 
pares  these  results.  These  data  also  Indicated  that 
the  sodium  content  of  the  strained  crystals  was  some¬ 
what  greater  than  that  of  crystals  grown  upon 
unstrained  seeds  In  the  same  run.  More  data  are 
being  gathered  with  respect  to  this  observation.  The 
average  growth  rate,  as  presently  determined,  does  not 
seem  to  correlate  with  the  etch  channel  density 
differences  between  the  two  crystal  groups. 

Lower  etch  channel  densities  can  be  achieved  by 
using  Z  seeds  cut  from  the  +X  region.  We  are  continu¬ 
ing  this  work  and  have  had  some  success.  Figure  1 
shows  topographs  of  two  crystals  grown  In  the  same 
run.  One  of  these  crystals  was  grown  on  a  Z  seed  cut 
from  the  +X  growth  area.  The  other  was  grown  upon  a 
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standard  Z  seed.  It  can  be  seen  that  the  dislocations 
have  been  considerably  reduced  by  use  of  the  +X  seed 
material.  Preliminary  etch  channel  densities  for 
crystals  grown  on  this  type  of  seed  are  2,  18,  and 

—2 

22cin  ,  which  are  considerably  lower  than  the  re¬ 
sults  reported  for  unswept  crystals.  The  use  of  a 
liner  might  give  better  results,  but  we  do  not  have 
sufficient  data  to  substantiate  this.  These  studies 
are  continuing. 

Conclusions 

The  initial  results  of  this  project  have  shown 
that  high  purity  alpha  quartz  can  be  produced  in  un- 
lined  autoclaves  of  various  sizes  provided  that  the 
nutrient  is  of  low  impurity  content.  Whether  there 
are  real  differences  among  the  actual  impurity  levels 
in  the  crystals  grown  will  depend  upon  the  more  sen¬ 
sitive  method  of  analysis  mentioned  in  this  paper. 

Strain  in  pure  Z  seeds  tend  to  result  in  higher 
etch  channel  densities  and  incorporation  of  sodium. 
Crystals  grown  from  Z  seeds  cut  from  the  +X  region 
possessed  much  lower  etch  channel  densities  than 
those  crystals  grown  upon  unstrained  pure  Z  seeds. 

Data  with  respect  to  resonator  characteristics 
still  needs  to  be  determined  on  most  of  these  crys¬ 
tals  in  order  to  correlate  performance  to  crystal 
quality. 
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TABLE  1 


TYPICAL  IMPURITY  LEVELS  IN  REAGENT  GRADE  MINERALIZERS 
(PPM  By  Height) 


EFFECT  OF  LITHIUM  ADDITION  TO  THE  MINERALIZER 


RUN  NO. 

Z  GROHTH  RATE 

LINER 

Li 

Na 

K 

Al 

Fe 

(Mils/Day) 

(PPMA) 

X-39 

16,0 

No 

1.0 

1,5 

<0,5 

3,6 

2.7 

QA-20 

28,0 

Yes 

A. 7 

1,1 

<0.5 

16.0 

0.8 

QA-21 

21,0 

Yes 

R.O 

1.2 

<0,5 

15.0 

<0.5 

X-35* 

30,0 

No 

1.5 

0,8 

<0.5 

3.6 

<0,5 

OA-ZS'  j 

25,0  i 

Yes  I 

2,7 

<0,5 

13.0 

'0.5 

Lithium  additions  to  mineralizer 


TABLE  3 

PREPARATION  OF  NUTRIENT  SUPPLIES 


TABLE  R 


COMPARISON  OF  TYPICAL  IMPURITY  LEVELS  IN  NUTRIENT  SUPPLIES 


SUPPLY  (PPM  BY  Height) 


SYN.  OTZ 

0.8 

3A2.0 

0.5 

2.3 

1,0 

NAT,  OTZ 

2,5 

10,0 

3. A 

21,0 

2,7 

CUL.  OTZ  I 

1.3 

8,3 

<0.5 

6.0 

<0.5 

CUL.  OTZ  III 

0.8 

2.5 

0.7 

2, A 

0.8 

TABLE  5 


IMiO 


TYPICAL  IMPURITY  LEVELS  FOUND  IN  CRYSTALS 
GROWN  FROM  DIFFERENT  NUTRIENT  SUPPLIES 


COMPARISON  OF  ALUMINUM  LEVELS  BY  AA  AND  EPR 


NUTRIENT 

SUPPLY 

Li 

Na 

(PPM 

K  Al 

BY  Weight) 

Fe 

TOTAL 

SYN.  QTZ 

<0.5 

■0.5 

<0.5 

0,6 

<0.5 

2.6 

NAT.  QTZ 

3.0 

8.8 

1.3 

19.5 

0,7 

28.3 

CUL.  QTZ  I 

1,1 

3.3 

0.8 

3.9 

0.8 

9.9 

CUL.  QTZ  II 

0.7 

2,5 

<0.5 

1.7 

<0.5 

5.9 

CUL.  QTZ  III 

<0.5 

0.9 

0.5 

0.6 

<0.5 

SAMPLE 

ATOMIC 

ABSORPTION 

ELECTRON  PAIR  | 
RESONANCE  | 

X 

<  0,5 

! 

0.12 

Y 

<  0,5 

0,80  ; 

Z 

<  0.5 

1.20  1 

TABLE  6 


EFFECTS  OF  LINER  ON  CRYSTAL  PURITY 


RUN  NO. 

Z  GROWTH  RATE 
(Mils/Day) 

LINER 

Ll 

Na 

K 

(PPHA) 

Al 

Fe  I 

1 

XR6A 

16.0 

NO 

<0.5 

2.3 

'0,5 

0.8 

1 

0.5  j 

X50A 

20,0 

NO 

1.9 

<0,5 

2.2 

<0.5 

0.8 

X30B 

25,0 

NO 

1,5 

<0.5 

<0.5 

0,9 

0,8  1 

X52 

16.0 

NO 

<0,5 

1.5 

<0.5 

<0.5 

0.5 

QA33 

22.0 

YES 

<0.5 

0.6 

<0,5 

<0.5 

0.8 

QA36 

28,0 

YES 

<0,5 

1,8 

<0.5 

<0,5 

■0,5 

QA31 

20,0 

_ 1 

YES 

<0,5 

0.5 

<0.5 

<0.5 

0.9  j 

IMLL3 

ETCHING  CONDITIONS  EMPLOYED  ON  PURE  I  SEEDS 


ETCHANT  USED 

ETCHING  TIME 
(Min.) 

ETCHING  TEMP. 
(®C) 

7.0m  NHijHFj 

5  -  60 

22  i 

48X  HF 

5  -  15 

22 

AOI  NH^F  ♦  48X  HF 

5  -  90 

22; 75  . 

(EOUIVOLUME) 

TABLE  TO 

TABLE  7 


COMPARISON  OF  CRYSTALS  GROWN  UPON 
UNSTRAINED  AND  STRAlfCD  PURE  Z  SEEDS 

IMPURITY  LEVELS  IN  CRYSTALS  GROWN  FROM  VARIOUS  AUTOCLAVES 


CRYSTAL 

— 

AUTOCLA'VE 
I.D,  (IN./ 

Li 

Na 

K 

(PPMA) 

Al 

Fe 

A 

1 

1,5 

<0,5 

<0.5 

0.5 

B 

3 

<0.5 

2,3 

<0.5 

0.5 

C 

<0.5 

0,7 

BB 

<0,5 

1.5 

<0,5 

0,5 

'0.5 

E 

mM 

1,4 

<0,5 

<0.5 

1  RUN  NO. 

J 

UNSTRAINED  SEEDS 

Z  Gbohth  Rate  Na  o 

(Mils/Day)  (PPM)  (cm'^) 

1  STRAINED  SEEDS 

Z  Growth  Rate  Na 
^^ils/'Day) 

1 

' 

I 


;  Gci  ! 

21.2 

8.8 

158 

21,2 

-is 

GC8  ; 

;9,o 

7.1 

185 

;?.6 

31.2 

1.9 

166 

31.8 

' , 1  ■ 

1 

20.5 

3.0 

203 

1  19,3 

i.5  388 

1  AV6.  j 

1 _ i 

22.9 

6.5 

178 

23, 0 

6 


X-RAY  TOPOGRAPHS  OF  CRYSTALS 


Z  SEED 


X  SEED 

miSLi 


COMPARISON  OF  DISLOCATION  DENSITIES  IN  CRYSTALS 
GROWN  FROM  Z  AND  +X  SEEDS  IN  SAME  RUN 
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CULTURED  QUARTZ  OF  LOW  ALUMINUM  CONTENT 
FROM  PRODUCTION  SIZED  AUTOCLAVES 

Baldwin  Sawyer  and  0.  R.  Kinloch 

Sawyer  Research  Products,  Inc. 
Eastlake,  Ohio  44094 


Background 

Recent  studies  of  cultured  quartz  radiation 
stability  (or  "hardness")  have  called  for  quartz 
whose  Z-reqion  aluninum  content  is  1  opm  or 
less^.  A  report  of  unusually  high  purity  quartz 
grown  in  silver  from  devitrified,  high  purity, 
silica  given  at  the  1982  Frequency  Control 
Symposium^  tends  to  confirm  the  predicted 
advantages . 

Development 

During  '82  and  '83  two  low-aluminum  runs  were 
grown  slowly  in  unlined  oroduction-si zed 
autoclaves  at  the  Sawyer  Research  Products 
cultured  quartz  plant,  supported  in  part  by  the 
USAF,  using  previously  grown  crystals  as  nutrient. 
Three  other  low-aluminum  runs  were  also  slow-grown 
from  selected  high-purity  nutrients. 

Analytical 

The  EPR  analytical  results  of  these  samples 
from  five  runs  are  shown  in  the  table  together 
with  details  of  growth  conditions,  nutrient  used, 
and  IR  indicated  Q  capability. 

A  number  of  use  studies  of  this  material  both 
as  grown  and  "sweot"  (i.e.  electrol.ytical  ly 
treated  in  solid  state)  have  been  begun. 
Preliminary  indications  are  that  the  quality  looks 
high,  but  full  evaluations  were  yet  to  be 
completed  at  the  time  of  this  paper. 


Halliburton  L.E.,  Martin  J.J.,  Sibley  W.A., 
"A  Study  of  the  Defects  Produced  by  the 
Irradiation  of  Quartz"  Rome  Air  Development 
Center,  Tech.  Report-80-120  (1980). 


Doherty  S.P.,  Morris  S.E.,  Andrews  D.C.,  and 
Croxall  D.F.,  "Radiation  Effects  in  Synthetic 
and  High  Purity  Synthetic  Quartz:  Some  Recent 
Infrared  Electron  Spin  Resonance  and  Accoustic 
Loss  Results,"  Proceedings  36th  Annual  Symposium 
on  Frequency  Control,  (1982). 


Conclusions 

Some  general  conclusions  can  be  drawn  at  this 
time  as  follows: 

1)  Feasibility  of  Z  growth  containing  less 
than  1.0  pp.  A1  in  unlined  production  sized 
autoclaves  has  been  shown.  A  conbination  of  the 
two  controls;  slow  growth,  and  low  aluminum 
nutrient  material  (believed  to  be  less  than  10  ppm 
Al)  was  used. 

2)  It  is  to  be  hoped  that  Al  content 
tolerances  will  be  suggested  by  the  end-use  test 
results.  These  might  take  the  form  of  two 
different  requirements  to  achieve  radiation 
hardened  quartz  behavior;  for  swept  quartz,  and 
for  unswept  quartz. 

3)  Aluminum  content  may  become  a  useful 
means  of  characterizing  cultured  quartz  for  other 
uses  than  radiation  hardened  applications. 


CH2062-0/84/0000  0008$1.00  ©  1984IEEE 
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LOW  ALUMINUM  RUN  SUMMARY 
FROM  PRODUCTION  AUTOCLAVES 


PARTICULARS:  AUTOCLAVE'S  ENCLOSED  VOLUME  -  261  LITERS 
GROWTH  PROCESS:  HYDROTHERMAL,  2  CHAMBER 
NORMAL  OPERATING  PRESSURE  B2.7  MPa  (12,000  psi) 
NORMAL  OPERATING  TEMPERATURE  RANGE  340  -  360° C 
INITIAL  SOLUTION:  0.8  M  Na2C03,  0.05  M  LiNOg 


AVE.  TOT.  Z 

ALUMINUM  CONTENT 

OF  1  GROWTH 

8Y  EPR  ppm 

INO  Q 

RUN 

NUMBER 

GROWTH  RATE 
mm/DAY 

NUTRIENT 

MATERIAL 

AVERAGE 

MAXIMUM 

MINIMUM 

CAPABILITY 

10^ 

H33-31  * 

0.37 

Cultured  on 

Z  olates 

0.6 

3.3 

F12-46  * 

0.29 

Cultured  on 
Y-bars 

0.97 

1.15 

0.79 

3.7 

F36-43 

0.23 

Cultured  on 
Y-bars 

0.4 

2.7 

F27-43 

0.28 

Arkansas 

Quartzite 

0.6 

2.9 

G23-37 

0.28 

Brazilian 

Lascas 

0.8 

1.0 

0.6 

3.3 

*  Engineering  cost  supported  in  part  by  USAF 
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DISTRIBUTION  OF  ALUMINUM  AND  HYDROXIDE  DEFECT  CENTERS  IN  IRRADIATED  QUARTZ 


Herbert  G.  Llpson  and  Alfred  Kahan 


Solid  State  Sciences  Division 
Rome  Air  Development  Center 
Hanscom  Air  Force  Base,  Bedford  MA,  01731 


Summary 

Irradiated  quartz  is  characterized  using  low  tempe¬ 
rature  infrared  Fourier  spectroscopy,  and  peaks  associ¬ 
ated  with  as-grown  OH  and  Al-OH  defect  centers  are 
measured.  Defect  center  distributions  are  determined 
from  scanning  small  crystal  regions  perpeg^icular  to 
the  growth  axis.  We  find  that  even  when  Co  irradia¬ 
tions  produce  a  uniform  OH-  decrease  across  the  sample, 
the  corresponding  Al-OH  profile  may  or_may  not  be  uni¬ 
form.  Initially  the  formation  of  Al-OH  is  governed  by 
the  concentration  and  distribution  of  as-gtown  OH  ,  but 
with  increasing  dose  as-grown  OH  can  remain  at  a  con¬ 
stant  level  or  deplete.  In  some  cases  Al-OH  forms 
even  after  all  as-grown  OH  is  depleted.  Indicating  an_ 
additional  hydrogen  source  in  the  crystal.  When  Al-OH 
saturates_and  as-grown  OH  remains  at  a  constant  level, 
the  Al-OH  distribution  indicates  the  substitutional 
aluminum  profile  of  the  sample. 

Key  Words:  Quartz,  Defect  Centers,  Radiation  Effects, 
Infrared  Spectroscopy. 


Introduction 


Specific  point  defect  models  for  synthetic  high 
quality  quartz  are  wej.l2establlshed  and  are  reviewed  in 
several  publications.  ’  The  major  defects  are  substi¬ 
tutional  aluminum  impurities  in  silicon  sites,  compen¬ 
sated  with  interstitial  alkali-metals  to  form  Al-M  (M 
=  Li,  Na,  or  K),  and  water  molecules  adjacent  to  oxygen 
sites  to  form  as-grown  OH  centers.  The  frequency  of  a 
resonator  fabricated  from  quartz  is  determined  by  the 
elastic,  piezoelectric,  and  dielectric  constants  of  the 
crystal.  The  quality  of  the  fabricated  resonator  is 
a|^fected  both  by  the  amount  and  the  distribution  of  Al- 
M  and  OH  centers  in  the  crystal.  Room^temperature 
ionizing  radiation  dissociates  both  Al-M  and  OH  ,  and 
two  pew  centers  are  formed,  Al-OH  and  aluminum-holes, 
Al-e  .  In  this  process, _the  as-grown  OH  is  the  hydro¬ 
gen  ion  source  for  Al-OH  .  It  is  believed  that  a  major 
part  of  the  observed  transient  and  steady-state  radia¬ 
tion  induced  frequency  offsets  can  be  attributed  to 
radiation  induced  alkali-metal  ion  migration,  and  to 
changes  in  the  material  constants,  caused  by  redistri¬ 
bution  of  defect  centers.  The  point  defect  structure 
of  quartz  is  also  modified  by  sweeping  (electrodiffu¬ 
sion).  Sweeping  a  crystal  in  an  air  atmosphere,  at 
elevated  temperatures,  dissociates  Al-M  ,  saturates  OH 
defects,  and  forms  Al-OH  .  In  this  process,  external 
water  vapor  is  the  hydrogen  ion  source  for  Al-OH  ,  and, 
at  the  same  time,  most  of  the  alkali-metal  ions  are 
physically  "swept"  out  of  the  crystal.  Sweeping  a  ^ 
crystal  in  a  vacuum  atmosphere  also  dissociates  Al-M 
and  forms  Al-OH  ,  but  similar  to  the  radiation  process, 
the  hydrogen  source  is  the  as-grown  OH  which  is  redu¬ 
ced,  or  depleted,  as  the  alkali  metal  ions  are  swept 
towards  the  cathode. 

For  synthetic  quartz,  the  major  growth  direction  is 
along  the  crystallographic  z-axis.  The  quality  and  im¬ 
purity  content  of  the  nutrient  used  for  crystal  growth 


varies.  In  addition,  during  the  growth  period  of  sev¬ 
eral  months,  thermodynamic  conditions  change  and  intro¬ 
duce  variations  in  quartz  quality,  aluminum  impurity, 
and  water  molecule  concentrations  between  the  seed  and 
the  z-growth  surfaces.  Singly  or  doubly  rotated  crys¬ 
tal  resonator  disks,  for  example,  AT-  or  SC-cuts,  are 
fabricated  from  z-growth  bars,  and  their  cross  sections 
incorporate  material  grown  during  the  entire  growth 
cycle.  In  order  to  Insure  high  quality  and  uniform 
crystals  for  high  precision  resonator  applications,  it 
has  become  standard  practice  to  measure  the  room  tempe¬ 
rature  strength  and  uniformity  of  as-grown  OH  related 
Infrared  bands,  and  to  select  crystals  with  low  and  _ 
fairly  uniform  absorption  strength.  The  as-grown  OH 
absorption  levels  are  also  correlated  with  resonator  Q- 
values.  There  are  also  indications  that  large  varia¬ 
tions  in  radiation  sensitivity  of  crystals  fabricated 
from  quartz  grown  in  the  same  autoclave  run,  or  even 
from  the  same  bar,  may  be  associated  with  differences 
in  impurity  distributions  along  the  growth  axis.  Con¬ 
sequently,  sensitive  non-destructive  characterization 
techniques  to  determine  localized  impurity  distribu¬ 
tions  in  as-grown,  swept,  and  Irradiated  crystals  are 
of  practical  importance. 


When  room  temperature  irradiation  dissociates  Al-M 
and  OH  and  forms  Al-OH  ,  the  ^Ikall-metals  migrate  to 
some  unknown  site  and  form  a  M  -center.  In  all  previ¬ 
ous  investigations  it  was  implicitly  assumed  that  the 
rate  at  which  OH  dissociates  and  Al-OH  forms  are  the 
same,  tjiat  is,  the  governing  effect  is  the  break-up 
of  Al-M  ,  and,  as  a  consequence,  as-grown  OH  dissoci¬ 
ates  to  compensate  the  substitutional  aluminum  and 
forms  Al-OH  .  This,  however,  may  not  be  the  case.  The 
governing  mechanism  may  as  well  be  the  dissociation  of 
OH  .  Alternately,  the  governing  mechanism  may  Involve 
the  precursor  of  the  unknown  M  -center.  In  this  se¬ 
quence,  radiation  dissociates  this  center,  which  in 
turn  dissociates  Al-M  and  as-grown  OH  and  forms  Al- 
OH  .  Consistent  with  the  defect  models  considered  for 
quartz,  the  interpretation  of  radiation  effects  on 
crystals  swept  in  an  air  atmosphere  is  straighforward. 
One  does  not  expect  |ny  observable  steady-state  radia¬ 
tion  effects.  All  M  -ions  have  been  swept  from  the 
crystal,  and  all  defect  sites  are  saturated  with  hydro¬ 
gen  ions.  Radiation  will  not  cause  ionic  migration, 
and  the  material  constants  and  the  resonator  frequency 
remain  unchanged.  However,  steady-state  radiation  ef¬ 
fects  do  exist  and  these  are  then  attributed  to  incom¬ 
plete  sweeping,  caused  by  crystal  non-uniformities  and 
extended  defects. 


One  of  the  difficulties  in  interpreting  the  defect 
structure  of  quaiLz  in  a  consistent  manner  is  the  fact 
that  the  centers  associated  with  the  dissociated  alka¬ 
li-metal  ion  are  not  observed  by  any  of  the  standard 
characterization  techniques.  In  addition,  the  inter¬ 
pretation  of  rad|^ation  effects  is  complicated  by  the 
presence  of  Al-e  .  The  relative  ratio  of  Al-OH  and 
Al-e  defects  formed  for  a  given  dose  of  radiation  var¬ 
ies  from  sample  to  sample,  and  the  sequence  of  forma- 
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tion  is  not  established.  There  are  several  possibili¬ 
ties  which  must  be  considered:  (1)  Al-e  forms  de¬ 
pending  on  the  availability  of  electron  traps,  and  is 
independent  of  hydroge^  related  centers.  (2)  Both  de¬ 
fects,  Al-OH  and  Al-e  ,  form  at  the  same  time  in  the 
same  crystal  region,  with  undetermined  factors  gov¬ 
erning  the  preference  of  foi^mlng  one  defect  center 
over  the  other, _and  (3)  Al-e  forms  if,  and  only  if, 
all  |S-grown  OH  is  exhausted  and  there  is  still  excess 
Al-M  in  the  crystal. 

In  this  paper,  we  wish  to  examine  whether_radiation 
effects  in  quartz  are  governed  by  as-grown  OH  or  by 
substitutional  aluminum  impurities,  and  whether  radia¬ 
tion  induced  migration  of  alkali-metal  and  hydrogen  ion 
is  localized  to  several  atomic  distances,  or  can  extend 
across  the  entire  crystal.  In  order  to  investigate 
these  effects,  we  need  to  evaluate  the  spatial  impurity 
distribution  of  the  crystal.  Experimentally,  OH  and 
Al-OH  are  characterized  by  vibration  spectra  ^easured 
by  low  temperature  Infrared  spectroscopy,  Al-e  ^is  de¬ 
termined  from  electron  spin  resonance,  and  Al-M  from  a 
combination  of  low  and  high  temperature  dielectric  and 
acoustic  loss  investigations.  It  is  very  difficult  to 
utilize  non-destructive  methods  such  as  ESR,  or  die¬ 
lectric  and  acoustic  loss  measurements,  to  determine 
the  spatial  distribution  of  respective  defect  centers 
in  a  crystal  large  enough  to  fabricate  standard  size 
resonators.  However,  we  previously  reported  the  appli¬ 
cation  of  low  temperature  infrared  Fourier  spectroscopy 
to  scan  large  crystals  normal  to  the  growth  axis  before 
and  after  sweeping  to  determine  Al-OH  and  as-grgw^  OH 
distribution  from  their  relative  band  strengths.  ’  We 
again  utilize  this  technique  to  study  dlggertent  types 
of  quartz  samples  exposed  to  successive  Co  irradia¬ 
tion  doses. 

Experimental  Procedures 

The  quartz  samples  used  for  this  investigation  were 
rectangular  in  shape,  between  I  and  2  cm  in  size,  with 
parallel  x-,  y-,  and  z-faces.  TIjie  quartz  type,  alumi¬ 
num  concentrations,  and  3381  cm  band  peak,  heights  are 
listed  in  Table  1. 


Table  1,  Quartz  samples 


Sample 

Designation 

Type 

Aluminum 

Concentration 

ppm 

3581  cm  ^ 

Band  Peak 
Height  (cm  ) 

D14-45 

Preralum-Q 

1 

0.08  -  0.11 

BH-A 

Premlum-Q 

U 

0.25  -  0.37 

E42-21 

High-Q 

6-8 

0.08  -  0.12 

QA-32 

RADC/ESM 

4,  32 

0.37  -  0.40 

The  Hlgh-Q  and  Premium-Q 

samples  were 

grown  by  the  same 

process  at 

SARP,  except 

that  for  Preralum-Q  lithium  salt 

was  added  to  the  nutrient  and  the  Na^CO,  mineralizer. 
The  RADC/ESM  sample  was  grown  with  a  NaOH  mineralizer 
and  lithium  salt  additive.  The  aluminum  concentrations 
were  determlngd  from  electron  spin  resonance  (ESR) 
measurements.  The  A  ppm  value  for  QA-32  was  measured 
by  atomic  absorption.  The  peak  height  of  the  3581  cm 
infrared  band  at  85  K  is  related  to  the  OH  concentra¬ 
tion. 

Inf rared. transmissions  were  measured  between  3100 
and  3700  cm  with  the  focused  beam  of  a  Nlcolet  170SX 
Fourier  spectrometer.  The  normal  beam  size  was  3  mm  in 
diameter,  but  1.5  mm  beams  were  also  used  to  scan  more 
localized  regions.  The  sample,  mounted  inside  a  dewar 
cooled  to  85  K,  was  moved  across  the  spectrometer  beam 
axis.  Measurements  were  made  with  the  beam  aligned 


along  the  x-  or  y-axis  of  the  crystal,  that  is,  normal 
to  the  z-growth  direction.  Beam  positions  are  desig¬ 
nated  by  the  distance  of  the  center  of  the  3  mm  beam 
from  the  +z-face  of  the  sample,  the  section  of  the 
crystal  furthest  from  the  seed.  For  one  sample,  meas¬ 
urements  were  also  made  with  the  beam  aligned  along  the 
z-axls,  and  positions  are  designated  along  the  y-axls. 
The  samples  were  irradiated  with  successive  doses  of 
0.2,  0.2,  and  0.4  Mrad  at  the  RADC  Co  source,  and 
were  measured  after  each  irradiation. 

Figure  1  shows  typical  absorption  spectra  measured 
normal  to  the  z-growth  axis,  calculated  from  transmis¬ 
sion.  These  spectra  are  for  sample  BH-A,  before  irra¬ 
diation  and  after  total  doses  of  0.2  and  0.8  Mrad.  At 
85_K,  the  four  principal  bands  associated  with  as-grown 
OH  impurities  in  synthetic  quartz  have  strong  peaks  at 
3348,  3396,  3438,  and  3581  cm  before  irradiation. 
Smaller  peaks,  probably  associated  with  other  sites, 
are  also  observed.  The  3581  cm  band  has  a  strong 
narrow  peak  and  easily  determined  background  whereas 
the  absorption  of  the  other  three  bands  are  broad  and 
superimposed  on  Si-0  lattice  bands.  After  the  0.2  Mrad 
irradiation  the  3581  cm  ,  as  well  as  the  other  as- 
grown  OH  bands,  are  reduced  considerably,  and  two  new 
peaks,  Sj large  one  at  3366  cm  and  a  smaller  one  at 
3306  cm  are  observed.  These  bands  are  associated 
with  Al-OH  .  The  0.8  Mrad  irradiation  depletes  the  as- 
grown  OH  bands  and  produces  very  small  additional 
changes  in  the  Al-OH  associated  peak  heights. 

We  are  Interested  in  evaluating  only  relative 
changes  in  as-grown  OH  and  Al-OH  ,  and  for  this  pur¬ 
pose  it  is  sufficient  to  compare  absorption  peak 
heights  instead  of  integrated  changes  in  band  ar^as. 

For  these  reasons,  we  select  the  narrow  3581  cm  band 
and  the  stronger  3366  cm  band  at  85  K  to  monitor 
changes  in  as-grown  OH  and  Al-OH  defect  centers,  res¬ 
pectively.  Both  the  3366  and  3581  cm  bands  have 
large  dichroic  ratios  with  maximum  strengths  when  the 
electric  vector  is  perpendicular  to  the  optic,  the  c- 
or  Z-,  axis.  The  comparative  measurements  for  this  in¬ 
vestigation  were  made  with  unpolarized  radiation,  and 
maximum  band  strengths  are  obtained  only  when  the  beam 
is  aligned  along  the  z-axis.  The  values  given  in  Table 
!  are  for  the  beam  aligned  either  along  the  x-  or  y-di- 
rectlon,  and  are  lower  than  would  be  obtained  using  a 
polarizer  with  the  angle  set  for  maximum  band  strength. 

Based  on  ESR  measurements,  low  concentration  o^^ 
substitutional  aluminum  is  defined  as  <1  ppm  of  A1  , 
medium  concentration  between  1-5  ppm,  and  high  as  >5 
ppm.  For  comparison  purposes  we  arbitrarily  define  low 
OH  or  Al^OH  concentration  as  <0.1  cm  ,  medium  as  0.1 
to  0.3  cm  ,  and  high  as  >0.3  cm  .  For  this  defini¬ 
tion  of_^l-0H  concentration  it  is  assumed  that  the 
3366  cm  peak  has  reached  its  saturation  level. 

Results 

Figure  2jShows  the  pealj  absorption  coefficients  of 
the  3581  cm  and  3366  cm  bands  measured  along  the  y- 
axls  for  Premlum-Q  sample  BH-A,  with  high  substitution¬ 
al  aluminum  concentration,  as  a  function  of  radiation 
dose.  The  measurement  at  any  point  along  the  y-axis 
includes  the  absorption  of  material  deposited  during 
the  entire  growth  process.  The  data  indicates  a  high 
level  and  unlfor^  distribution  of  as-grown  OH  concen¬ 
tration,  0.6  cm  .  After  0.2|Mrad  irradiation  the  ab-_ 
sorption  decreases  by  0.4  cm  and  introduces  an  Al-OH 
band  of  1.0  cm  absorption  strength.  The  ratio  of  Al- 
OH  production  to  OH  reduction  is  2.5,  that  is,  for 
each  0.1  cm  decrease  in  OIJ  absorption  there  i8_an 
Al-OH  increase  of  0.25  cm  .  The  decrease  in  OH  is 
in  proportion  to  the  available  OH  ,  and  it  is  not  line- 
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ar  with  dose.  With  further  dose,  the  as-grown  OH  de- 
creases_^nd  approaches  a  constant  absorption  level  of 
0.13  cm  ,  and  at  the  same  time,  Al-OH  Increases  and 
approaches  saturation.  The  growth  process  is  along  the 
z-axls,  and  measurements  along  the  y-axls  do  not  reveal 
defect  non-uniformities  that  may  be  Incorporated  in  the 
crystal. 

Figure  3  shows  the  variations  of  the  £^ak  absorp¬ 
tion  coefficients  of  the  3581  and  3366  cm  bands  asso¬ 
ciated  with  OH  and  Al-OH  ,  respectively,  along  the  z- 
growth  axls^  for  the  same  Preralum-Q  crystal  BH-A.  T^e 
as-grown  OH  absorption  varies  from  0.25  to  0.37  cm 
This  extent  of  non-uniformity  is  common  even  in  high 
quality  quartz,  with  OH  concentrations  usually 
stronger  near  the  seed.  The  0.2  Mrad  irradiation  re¬ 
duces  the  OH  fairly  uniformly,  0.17-0^20  cm  ,  to  a 
level  of  0.07  to  0.20  cm  .  The  Al-OH  distribution 
follows  that  of  the  initial  OH  only  for  one-half  of 
the  crystal,  but  for  the  second-half,  between  the  cen¬ 
ter  and  the  -z-face,  the  Al-OH  is  more  uniform  than 
either  the  Initial  or  the  radiation  reduced  OH  .  In 
the  z^growth  direction  the  ratio  of  Al-OH  production 
to  OH  reduction  varies  between  1.7  to  2.8.  Also,_for 
the  same  initial  OH  concentration,  a  larger  Al-OH  to 
OH  ratio  is  observed  towards  the  -z-face  of  the  crys¬ 
tal.  In  some  regions  of  the  crystal,  the  defect  dis¬ 
tribution  after  the  accumulated  0.8  Mrad  irradiation 
shows  approach  to  OH  depletion  and  Al-OH  saturation. 

Figure  4  shows  the  variation  in  peak  absorption 
coefficients  for  the  3581  cm  and  3366  cm  bands 
along  the  z-growth  axis  for  Premlum-Q  crystal  D14-45, 
as  a  function  of  radiation  dose.  Crystals  grown  in 
this  autoclave  run  have  low  aluminum  concentrations,  as 
determined  from  ESR  measurements,  and  this  particular 
bar,  43A,  also  Indicates  low  as-grown  OH  along  the 
growth  axis.  T^e  as-grown  OH  absorption  is  approxi¬ 
mately  0.07  cm  oyer  two-thirds  of  the  thickness, 
rising  to  0.11  cm  ‘  in  the  8ectlon_closest  to  the  seed. 
A  0.2  Mrad  irradiation  reduces  OH  relatively  uni¬ 
formly  across  the  sample,  0.04  to  0.05  cm  ,  t^  an  ab¬ 
sorption  level  varying  from  0.025  to  0.055  cm  .  This 
decrease  is  about  a  factor  of  2-2.5,  with  the  largest 
reduction  occuring  in  the  crystal  section  containing 
the  highest  initial  OH  concentration.  The  Al-OH 
absorption  distribution  across  the  sample  formed  as  a 
result  of  this  Initial  dose  varies  from  0.04  to  0.075 
cm  ,  and  exhibits  the  same  non-unlformlty_as  the  ini¬ 
tial  OH  distribution.  The  ratio  of  Al-OH  production 
to  OH  reduction  is  1.0  to  1.5,  with  the  higher  value 
associated_wlth  the  crystal  region  with  the  higher 
initial  oh”. 

Irradiating  the  crystal  to  a  total  dose  of  0.4  Mrad 
continues  the  trends  observed  for  the  Inltal  irradia¬ 
tion.  T^e  Al-OH  absorption  Increase  is  approximately 
0.03  cm  across  the  sample.  Increasing  the  accumu¬ 
lated  radiation  dose  to  0.8  Mrad_8hows  ver^  little  ad¬ 
ditional  decrease  in  as-grown  OH  .  The  OH  is  depleted 
at  one  end  of  the  crystal,  rises  gradually  across  the 
cr^ftal,  and  reaches  an  absorption  strength  of  0.04 
cm  at  the  other  end..  The  residual  OH  absorption  pro¬ 
file  reflects_vhe  a8-g»own  non-uniformity,  with  a  con¬ 
stant  0.07  cm  subtracted  from  the  initial  value.  Af¬ 
ter  the  0.8  Mrad  dose,  Al-OH  absorption  shows  a  fairly 
uniform  distribution,  with  somewhat  lower  values  in  the 
center  of  the  crystal. 

Figure  5  shows  the  absorption  coefficients  of  the 
OH  and  Al-OH  associated  bands  along  the  z-growth 
axis,  as  a  function  of  radiation  dose,  for  a  sodium 
compensated  High-Q  crystal,  E42-21,  containing  a  high 
concentration  of  substitutional  aluminum  and  low  as- 
grown  OH  .  The  as-grown  OH  absorption  values  vary 


from  0.08  to  0.12  cm  ,  with  the  higher  values  near  the 
seed.  A  0.2  Mrad  Irradiation  reduces  the  overall  OH 
absorption  to  0.01-0.02  cm  ,  and  tlje  absorption  values 
of  Al-OH  formed  vary  from  0.12  cm  at  one  end  of  the 
crystal  to  0.20  cm  at  the  other  end.  The  Al-OH 
distribution  shows  a  slight  resemblance  to  the  initial 
OH  .  The  initial  as-grown  OH  absorption  level  of  this 
crystal  is  similar  to  Premlum-Q  D14-45  depicted  in  Fig¬ 
ure  4,  but  the  two  samples  differ  in  their  radiation 
response.  For  this  case  the  ratio  of  Al-OH  production 
to  OH  reduction  varies  from  1.3  to  2.0. 

Irradiating  the  cr^vtal  to  0.4  MR^d  reduces  OH  ab¬ 
sorption  from  0.005  cm  to  0.0^2  cm  ,  increases  Al- 
OH  absorption  by  about  0.1  cm  over  most  of  the  crys¬ 
tal,  and  the  Al-OH  peak  shows  an  almost  linear  gradi¬ 
ent  between  the  two  ends  of  the  sample.  Irradiating 
the  crystal  to  0.8  Mrad  depletes  as-grown  OH  across 
the  entire  sample  and  Increases  Al-OH  in  a  fairly  uni¬ 
form  manner,  maintaining  the  same  Al-OH  gradient. 

This  sample  shows j a  surprisingly  large  change  in  Al-OH 
for  the  0.002  cm  reduction  in  OH  .  The  same  effect 
can  be  noted  close  to  the  +z-face  of_sample  D14-45  of 
Figure  4.  Local  variations  in  Al-OH  _lncrease  are  also 
observed  for  the  same  magnitude  of  OH  decrease. 

Figure  6  shows  the  absorption  coefficients  along 
the  z-growth  axis,  as  a  function  of  radiation  dose,  for 
the  lithium  doped  crystal  QA-32,  grown  at  RADC.  ESR 
impurity  analysis  Indicates  that  this  crystal  has  a 
very  high  substitutional  aluminum  Impurty  concentra¬ 
tion,  32  ppm,  while  atomic  absorption  results  for  an¬ 
other  section  of_this  crystal  shows  4  ppm.  We  find 
that  as-grown  OH  absorption  values  are  uniform  acros^ 
the  sample,  but  are  very  high,  an  average  of_0.35  cm  . 
The  0.2  Mrad  irradiation  reduces  as-grown  OH  absorp¬ 
tion  to  0.06-0.12  cm  .  The  as-grown  OH  of  this  sam¬ 
ple,  and  the  initial  irradiation  results,  are  similar 
to  that  of  Premlum-Q  BH-A,  but  with  a  much  sharper  gra¬ 
dient  in  AljOH  .  Al-OH  absorption  Increases  from  0.08 
to  0.36  cm  _jOver  one-half  of  the  sample  and  remains  at 
the  0.36  cm  level  over  the  second-half  of  the  sample. 
The  Al-OH  to  OH  ratio  varies  from  0.5  to  1.5.  At 
this  level  of  irradiation,  OH  has  decreased  relatively 
uniformly  across  the  entire  sample,  has  not  depleted  at 
any  point,  yet  we  obtain  a  4.5:1  variation  in  Al-OH 
absorption. 

Irradiating  the  crystal  to  0.4  Mrad  continues  the 
trends  observed  for  0.2  Mrad.  As-gr^wn  OH  absorption 
is  reduced  to  an  average  of  0.03  cm  ,  and  the  corre¬ 
sponding  increase  in  Al-OH  absorption  is  0.15-0.20 
cm  .  The|8harp  gradient  in  Al-OH  absorption,  a  rise 
of  0.3  cm  across  one-half  of  the  sample,  is  retained. 
An  additional  0.4  Mrad  irradiation  depletes  OH  and 
further  Increases  Al-OH  .  This  crystal  also  shows  a 
very  large  Increase  in  Al-OH  for  a  small  decrease  in 
OH  .  Measurements  taken  closer  to  the  +z-face  after 
this  irradiation  indicate  that  the  gradient  in  Al-OH 
is  even  more  pronounced  than  that  observed  for  the  low¬ 
er  doses.  After  the  accumulated  0.8  Mr^d  dose,  visual 
darkening,  usually  associated  with  Al-e  ,  can  be  ob¬ 
served  in  the  high  Al-OH  region  of  the  crystal,  but 
not  close  to  the  +z-face.  This  is  further  evidence  for 
the  large  aluminum  concentration  gradient. 

Discussion 

We  have  observed  previously  that  ln_8ynthetlc 
quartz  the  concentration  gf  as-grown  OH  and  aluminum 
impurities  are  unrelated.  For  Premium-Q  crystals  one 
can  obtain  all  possible  comblnatlo^l  of  high  and  low 
as-grown  OH  and  substitutional  A1  concentration  lev¬ 
els,  but  empirically  we  find  that  all  Hl/h-Q  crystals 
have  high  A1  concentrations.  The  sampl 's  chosen  for 
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this  investigation  ^^clude  a  variety  of  these  combina¬ 
tions  of  OH  and  A1  concentrations. 

All  experimental  results  are  consistent  with  the 
mechanisms  that  radiation  dissociates  Al-M  and  as- 
grown  OH  ,  and  forms  Al-OH  .  The  sequence  of  mechan¬ 
isms  affecting  the  defect  centers  may  Includ^  a  precur¬ 
sor  for  M  -centerSj^  the  dissociation  of  Al-M  ,  andj^he 
dissociation  of  OH  to  compensate  the  liberated  A1 
sltes^  We  also  find  that  initially  the  formation  of 
Al-OH  is  governed  by  the  concentration  and  distribu¬ 
tion  of  as-grown  OH  .  With  successive  irradiations  the 
as-grown  OH  centers  can  remain  at  a  constant  level  or 
deplete,  and  Al-OH  can_continue  to  Increase  or_saCu- 
rate.  When  as-grown  OH  is  depleted,  the  Al-OH  dis¬ 
tribution,  even  if  saturated,  does  not  necessarily  re¬ 
flect  the  substitutional  aluminum  profile,  as  the  for¬ 
mation  of  Al-OH  may  be  inhibited  by  lack  of  as-grown 
OH  .  Conversely,  when  as-grown  OH  remains  at  a  con¬ 
stant  level  with  additional  dose,  Al-OH  distribution 
does  reflect  the  substitutional  aluminum  profile. 

It  is  difficult  to  draw  conclusions  regarding  final 
levels,  or  distributions,  of  the  defect  centers.  We 
encounter  both  depletion  and  saturation  effects.  It  is 
expected  that  after  as-grown  OH  is  depleted,  addition¬ 
al  irradiation  will  not  increase  Al-OH  .  This  however 
is  not  the  case.  The  most  puzzling  feature  observed  in 
Fig.  5  is  the  additional  Increase  in  Al-OH  with  dose 
after  OH  is  depleted.  The  basic  issue  raised  by  this 
data  is  what  is  the  source  of  the  additional  hydrogen 
ions.  Are  we  observing  an  additional  stage  of  defect 
formation,  with  hydrogen  ions  being  released  from 
"hidden”  traps,  or  is  this  increase  due  to  migration  of 
ions  across  the  crystal,  distances  in  the  order  of 
millimeters  or  centimeter? 

It  is  always  simple  to  interpret  phenomena  by  as¬ 
suming  additional  unknown  defect  centers.  The  object, 
however,  is  to  interpret  the  data  in  a  consistent  man¬ 
ner  by  assuming  the  minimum  number  of  known  defects. 

Martin  shows  evidence  that  even  in  a  lithium  com¬ 
pensated  Premlum-Q  sample,  there  are  sodium  compensated 
non-aluminum  sites  which  dissociate  with  radiation. 

When  the  Irradiated  crystal  is  annealed,  the  dissoci¬ 
ated  sodiums  fo^m  Al-Na  ,  rather  than  recombining  into 
the  original  Na  -centers.  Consequently,  Premium-Q  sam¬ 
ples,  which  Inltially^dld  not  show  any  50  K  anelastlc 
loss  peak,  show  Al-Na  centers  after  irradlatlog  and 
anneal.  Similarly,  Green,  Toulouse,  and  Nowick  dis¬ 
cuss  irradiation  induced  conductivity  in  terms  of  com¬ 
plex  alkali-metal  centers^whlch  anneal  in  the  same 
temperature  range  as  Al-e  . 

One  possibility  of  Interpreting  the  Al-OH  increase 
with  no  apparent  decrease  in  OH  is  a  two-step  process 
involving  |[n  interaction  with  the  sodium  compensated 
center,  Na  -center,  identified  ^y  Hartl^.  When  the 
sample  is  irradiated,  both  Al-M  and  Na  -centers  disso¬ 
ciate  and  become  compensated  with  hydrogen  lons^from 
dissociating  OH  .  This  process  forms  Al-OH  ,  M  -cen¬ 
ters,  and  an  Infrared  inactive  sodium-hydrogen  complex. 
After  further  irradiation,  as  more  Al-M  dissociates 
and  OH  becomes  depleted,  the  sodium-hydrogen  complex 
starts  to  dissociate,  hydrogen  ions  are  released  from 
their  t^ypplng  sites,  and  become  available  to  compen¬ 
sate  Al'’  to  form  addditlonal  Al-OH  .  A|  the  same  time 
the  liberated  sodium  ions  add  to  other  M  -ions  from  the 
dissociating  Al-M  . 

One  difficulty  with  this  proposed  two-step  process 
is  the  fact  that  it  assumes  that  the  hydrogen  complex 
is  both  created  and  dissociated  with  irradiation,  and 
its  existence  depends  ^n  the  availability  of  as-grown 
OH  to  compensate  Al-M  .  It  is  more  reasonable  to  as¬ 


sume  that  the  initial  irradiation  also  dls80ciate|  the 
sodium  compensated  center  and  immediately  forms  M  -cen¬ 
ters.  Consequently,  we  would  like  to  propose  another 
model  for  Interpreting  our  data.  Martin's  results 
shows  evidence  for  "hidden"  sodiums,  and  our  results^^ 
the  increase  in  Al-OH  at  no  apparent  decrease  in  OH  , 
shows  evidence  for  "hidden"  hydrogens.  We  suggest  that 
the  two  phenomena  are  related  and  that  the  additional 
source  of  hydrogen  is  NaOH.  The  molecular  NaOH  is  in¬ 
corporated  in  the  crystal  during  crystal  growth.  In 
crystal  growth  using  the  NaOH  mineralizer  process,  this 
molecule  is  provided  directly  from  the  mineralizer,  and 
in  crystal  growth  using  the  Na2C0j  mineralizer  process, 
Che  NaOH  molecule  is  formed  in  solution.  This  is  simi¬ 
lar  to  the  process  of  incorporating  water  molecules 
during  crystal  growth.  At  the  present  time  we  are  un¬ 
able  to  propose  a  specific  configuration  for  this  cen¬ 
ter,  whether  the  molecule  Is  Incorporated  at  an  oxygen 
vacancy  or  at  some  other  site,  for  example,  the  config¬ 
uration  depicted  on  p,  64  of  Ref.  U  The  fact  that 
NaOH  dissociates  after  as-grown  OH  is  depleted  implies 
that  the  two  processes  are  Independent  and  one  may  be¬ 
come  exhausted  before  the  other  is  depleted.  When  the 
sample  is  annealed  the  NaOH  molecule  is  njt  re-formed, 
as  evidenced  from  the  newly  created  Al-Na  centers. 
Consequently,  after  annealing, _or  air  sweeping,  we  may 
also  observe  an  increase  in  OH  related  bands. 

In  the  same  crystal,  for  the  same  OH  decrease  we 
observe  differences  in  the  amount  of  Al-OH  Increase. 
One  possible  interpretation  is  that  the  aluminum  con¬ 
centration  varies  across  the  crystal  and  the  radiation 
induced  hydrogen  ion  mobility  extends  over  large  dis¬ 
tances.  We  can^also  assume  that  the  concentration  of 
the  "hidden"  Na  -centers  is  non-uniform,  and  the  local 
decrease  ^n  OH  in  then  the  su^  of  the  dissociating  Al- 
M  and  Na  -centers.  If  the  Na  -center  is  the  proposed 
NaOH  molecule,  then  the  local  decrease  in  as-grown  OH 
is  the  difference  between  the  magnitudes  of  Al-OH  and 
the  dissociating  NaOH. 

These  considerations  suggests  some  further  experi¬ 
ments.  The  possibility  of  radiation  Induced  mobility 
over  large  distances  could  be  clarified  by  annealing  a_ 
crystal  which  exhibits  large  non-uniformities  in  Al-OH 
to  its  original  state,  and  physically  slicing  it  into  a 
number  of  sections.  The  radiation  sequence  is  then  re¬ 
peated  on  each  section,  and  infrared  results  are  com¬ 
pared  with  those  obtained  for  the  whole  crystal. 

As  discussed  in  the  Introduction,  another  center 
that  complicates  the  interpretation  of  infrared  data  is 
the  aluminum-hole,  Al-e  .  ESR  measurements  show  that 
this  center  is  created  by  irradiation,  but  we  do  not 
know  its  distribution  along  the  z-gjowth  axis  or  the 
sequence  of  its  formation.  Is  Al-e  created  at  (1)  low 
doses  of  irradiation  prior  to  any  decrease  in  as-grown 
OH  ,  (2)  in  proportion  to  Al-OH  ,  or  (3)  does  it  form 
from  residual  Al-M  centers,  after  as-grown  OH  and 
other  hydrogen  related  defects  are  exhausted? 

A  non-destructive  method  tould  be  employed  to  eval¬ 
uate  the  contribution  of  Al-e  without  utilizing  ESR 
measurements.  Al-e  anneals  between  240  and  300  c. 

It  is  suggested  that  two  sets  of  experiments  be  per¬ 
formed.  The  first  set  is  the  sequence  of  irradiations 
and  infrared  evaluations  outlined  in  this  investiga¬ 
tion.  After  saturation  and  depletion  effects  gre  com¬ 
plete,  the  sample  is  annealed  between  500-500  C  to  re¬ 
turn  it  to  its  original  state.  The  second  set  of  ex¬ 
periments  is  the  same  sequence  of  irradiations  and  in¬ 
frared  evaluations,  but  the  sample  is  annealed  at  30^ 

C  after  each  dose  of  Irradiation  to  dissociate  Al-e  . 
We  do  not  necessarily  expect  8_large  decrease  in  as- 
grown  OH  or  increase  in  Al-OH  after  each  anneal,  as 
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an  undecermlned  fraction  of  tlje  dissociated  aluminums 
may  become  compensated  with  M  to  re-form  Al-M  .  How^ 
ever,  after  subsequent  Irradiations,  additional  Al-OH 
should  form  from  the  larger  reservoir  of  Al-M  .  The 
difference  between  the  two  sets  of  irradiation  experi¬ 
ments,  one  with  and  o^e  without  the  300  C  anneal,  can 
be  attributed  to  Al-e  . 

The  question  whether  the  growth  of  Al-OH  as  a 
function_of  irradiation  is  inhibited  by  lack  of  as- 
grown  OH  can  be  clarified  by  sweeping  the  sample  in  an 
air  atmosphere  after  irradiation  effects  are  saturated. 
Radiation  Induced  changes  anneal  below  the  usual  sweep¬ 
ing  temperatures,  and  air  sweeping  will  provide  the  hy¬ 
drogen  to  saturate  Al-OH  ,  as  well  as  all  other  hydro¬ 
gen  related  defect  sites.  In  the  swept  sample,  the  Al- 
OH  profile  will  reflect  the  substitutional  aluminum 
distribution,  and  the  difference  in  band  strength  for 
the  two  processes  is  a  measure  of  how  much  OH^^was 
required  to  fully  compensate  the  available  A1 
centers. 

Conclusions 

Low  temperature  Fourier  spectroscopy  is  a  powerful 
tool  for  studying  the  defect  structure  of  high  quality 
quartz.  The  high  throughput  and  small  beam  size  as¬ 
sociated  with  the  Fourier  spectrophotometer  allows  us 
to  determine  the  spatial  variations  in  defect  concen¬ 
trations  across  the  sample.  Using  this  technique  we 
observe  large  variations  in  substitutional  and  inter¬ 
stitial  Impurity  concentration  and  distribution,  as 
well  as  differences  in  formation  rates  of  various  de¬ 
fects  as  a  function  of  Irradiation.  These  variations 
and  differences  make  it  is  very  difficult  to  predict 
the  radiation  response  of  quartz  crystals.  We  have 


also  shown  that  there  exists  an  additional  source  of 
hydrogen  in_the  crystal,  not  associated  with  the  usual 
as-grown_0H  bands,  which  contributes  to  the  formation 
of  Al-OH  defects.  Possible  models  proposed  for  this 
additional  source  of  hydrogen  are  the  presence  of  a 
sodium-hydrogen  complex  or  molecular  NaOH.  In  crystal 
growth  using  the  NaOH  mineralizer  process,  this  mole¬ 
cule  is  provided  directly  from  the  mineralizer,  and  in 
crystal  growth  using  the  Na2C02  mineralizer  process, 
the  NaOH  molecule  is  formed  in  solution. 
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Figure  1.  Absorption  spectra  for  unswept  Premium-Q 
quartz  sample  BH-A  before  irradiation  and  after  0.2  and 
0.8  Mrad  doses. 


Figure  2.  Pe^k  strength  absorption  coefficients 
for  3581  cm  and  3366  cm  bands  as  a  function  of 
position  along  the  y-axls  for  various  total  radiation 
doses.  Premium-Q  sample  BH-A. 
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Figure  3.  Pejk  strength  absorption  coefficients 
for  3581  cm  and  3366  cm  bands  as  a  function  of 
position  along  the  z-growth  axis  for  various  total 
radiation  doses.  Preralum-Q  sample  BH-A. 
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Figure  5.  Pe^k  strength  absorption  coefficients 
for  3581  cm  and  3366  cm  bands  as  a  function  of 
position  along  the  z-growth  axis  for  various  total 
radiation  doses.  High-Q  sample  E42-21. 
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Figure  4.  Pfsk  strength  absorption  coefficients 
lor  3581  cm  and  3366  cm  bands  as  a  function  of 
position  along  Che  z-grovth  axis  for  various  total 
radiation  doses.  Premlum-Q  sample  D14-45. 


Figure  6.  Pe^k  strength  absorption  coefficients 
for  3581  cm  and  3366  cm  bands  as  a  function  of 
position  along  the  z-growth  axis  for  various  total 
radiation  doses.  RADC/ESM  sample  QA-32. 
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SUMMARY 

The  substitutional  aluminum  ions  present 
in  all  quartz  require  charge  compensation. 
In  as-grown  synthetic  quartz,  interstitial 
alkali  ions  serve  as  the  charge  compensators. 
Irradiation  at  temperatures  above  200  K  re¬ 
places  the  alkali  with  either  a  proton  or  a 
hole  trapped  on  an  adjacent  oxygen.  Electro- 
dif-fusion  (sweeping)  can  be  used  to  replace 
the  alkali  with  either  a  proton  or  another 
speci-fic  alkali.  A  study  oT  the  acoustic 
loss  spectra  o-f  a  series  at  5  MHz  5th  over¬ 
tone  AT-cut  resonator  blanks  as  a  -function  of 
sweeping  and  irradiation  has  been  completed. 
No  acoustic  loss  peaks  were  observed  at  tem¬ 
peratures  less  than  100°C  which  could  be 
attributed  to  either  the  Al-Li^  or  Al— OH 
centers.  Na-swept  samples  showed  the 
expected  large  loss  peak  at  53  K  while  un¬ 
swept  samples  had  only  very  small  53  K  peaks. 
This  shows  that  in  as-grown  synthetic  quartz 
lithium  is  the  primary  charge  compensating 
ion.  Irradiation  removed  the  53  K  peak  and 
introduced  new  peaks  at  23  K,  100  K  and  135 
K.  Annealing  studies  show  that  these  peaks 
can  be  attributed  to  the  Al-hole  center.  The 
anneal  study  also  shows  that  the  decay  of  the 
Al-hole  center  is  matched  by  the  return  of 
the  alkali  to  the  aluminum  site. 

Introduction 

Alpha-quartz  is  used  in  a  wide  variety  of 
precision  electronic  devices  where  aging  and 
radi at i on— i nduced  instabilities  are  undesir¬ 
able.  It  is  now  well-known  that  quartz- 
controlled  oscillators  may  exhibit  transient 
and  steady-state  frequency  and  Q  shifts  when 
exposed  to  ionizing  radiation.  Early 

results  obtained  by  King^  and  other  invest! — 
gators^”*^  suggested  that  these  effects  were 
associated  with  the  presence  of  impurities. 

Substitutional  Al^'*’  is  present  in  all 
quartz^®  and  requires  charge  compensation. 
Examples  of  such  charge  compensators  are 
intersti  ti  tal  Li'*’  or  Na'*^  ions,  or  holes  or 
protons  at  an  oxygen  ion  adjacent  to  the 
aluminum.  The  proton  forms  an  OH  molecule 
which  is  infrared  active.^®'  The  Al-Na'* 
detect  is  responsible  for  the  acoustic  loss 
peak  observed  near  53  K  in  5  MHz  5th  overtone 
AT-cut  crystals.*^  Irradiation  at  room 
perature  destroys  the  Al-Na'*’  centers;^’ 
this  destruction  being  responsible  for  much 
of  the  steady  state  frequency  offset.  Recent 
work  at  Oklahoma  State  University  has  shown 
that  the  alkali  ions  become  mobile  under 
irradiation  only  if  the  temperature  is 
greater  than  200  K. Following  a  room 
temperature  irradiation,  either  a  hole  which 
can  be  observed  by  ESR  techniques  or  a  proton 


is  found  trapped  on  an  oxygen  adjacent  to  the 
Al^’*’.  The  interstitial  alkali  ions  are 
usually  in  the  relatively  large  c-axis  chan¬ 
nels  and  at  high  temperatures  can  move  along 
the  channel  under  an  applied  electric  field. 
King,^  and  later  Kats^^  and  Fraser^^  used 
this  technique  to  "sweep”  hydrogen  and 
specific  alkalis  into  the  sample.  Sweeping 
hydrogen  in  to  replace  the  alkalis  has  been 
shown  to  improve  the  radiation  hardness  of 
quartz  oscillators.® 

The  identification  of  both  growth-  and 
radi at i on-i nduced  defects  which  affect  the 
performance  of  quartz  resonators  is  an  impor¬ 
tant  part  of  our  project.  Recently,  using 
sweeping,  IR  absorption,  and  acoustic  loss 
measurements,  Martin  and  Doherty^^  reported 
that  the  Al -0H~  center  does  not  have  an 
acoustic  loss  peak  at  temperatures  below  370 
K.  They  also  reported  that  irradiation  of 
both  unswept  and  H-swept  Premium  Q  quartz 
resonator  blanks  produced  acoustic  loss  peaks 
at  23  K  and  100  K  and  a  broad  loss  peak 
between  125  K  and  165  K.  King  and  Sander^ 
had  earlier  reported  the  two  higher  tempera¬ 
ture  peaks  and  had  suggested  that  they  were 
caused  by  the  Al-hole  center.  The  23  K  peak 
had  also  been  observed  earlier  and  was  attri¬ 
buted  to  changes  in  the  interaction  between 
the  resonant  vibrations  of  the  blank  and  the 
thermal  phonons. We  report  here  a  compari¬ 
son  of  the  acoustic  loss  spectra  of  as- 
received  and  Li’*’,  Na’*’,  and  H"*  swept  resona¬ 
tors  fabricated  from  the  same  bar  of  Premium 
Q  grade  quartz.  Results  were  also  obtained 
for  Supreme  Q  grade  material  and  for  a 
natural  quartz  crystal.  We  also  report  an 
isochronal  anneal  study  of  the  three  peaks 
induced  by  a  room  temperature  irradiation 
which  shows  that  they  are  associated  with  the 
Al-hole  center.  An  isochronal  anneal  study 
was  also  made  on  an  irradiated  Na-swept 
resonator  to  directly  compare  the  decay  of 
the  Al-hole  and  A1-QH~  centers  with  the  re¬ 
covery  of  the  Al-Na"*"  centers. 

Experi mental  Procedure 

Samples  for  this  study  were  cut  from  an 
unswept  pure  Z -growth  Sawyer  Premium  Q  bar  of 
cultured  quartz  that  has  been  given  an  in- 
house  designation  PQ-E.  Samples  from  this 
bar  have  been  intensively  studied  at  Oklahoma 
State  University  using  ESR,*®>'^  IR,  and 
acoustic  loss  techniques.  All  of  these 
investigations  show  that  the  bar  is  of  high 
quality  but  that  it  contains  somewhat  more 
aluminum  (10-15  ppm)  than  the  average  Premium 
Q  material  (5-8  ppm).  Consequently,  aluminum 
related  effects  are  more  readily  observed. 
Five  MHz  5th  overtone  AT-cut  piano  convex 
resonator  blanks  of  the  Warner  design^®  were 
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•fabricated  for  this  study  by  K&W  Mfq.  Con¬ 
firming  measurements  were  made  on  five  MHz 
3rd  overtone  AT-cut  samples  fabricated  by 
Frequency  Electronics  from  a  Toyo  Supreme  Q 
bar  labeled  SQ-B.  A  5.12  MHz  natural  quarts 
resonator  was  also  measured.  H-swept ,  Li- 
swept,  and  Na-swept  blanks  were  prepared  from 
both  PQ-E  and  BQ-B  quartz  by  the  method 
reported  ear 1 i er . Infrared  absorption 
scans  show  that  A1-QH“  centers  are  present  in 
the  H-swept  sample  but  not  in  the  alkali- 
swept  samples. 

The  acoustic  loss,  of  the  resonator 
blanks  was  measured  by  the  log  decrement 
method  from  5  to  370  K.  The  measurements 
were  made  in  a  variable  temperature  helium 
Dewar  with  the  blank  mounted  in  a  gap 
holder.  The  blank  was  driven  for  10  to  40  ms 
at  its  series  resonant  frequency  and  then 
allowed  to  freely  decay.  The  decaying  rf 
signal  was  detected  with  a  superheterodyne 
detector  and  displayed  on  a  variable  persis¬ 
tence  storage  oscilloscope.  The  exponential 
decay  times  were  measured  by  using  a  digital 
timer  gated  by  a  window  detector. 

Results  and  Di scussi on 

Figure  1  compares  the  acoustic  loss 
spectra  for  the  unswept  Toyo,  the  unswept 
Sawyer  and  the  natural  quartz  samples.  Both 
the  Sawyer  blank  and  the  natural  quartz  crys¬ 
tal  show  relatively  small  53  K  A1 -Na'*'  loss 
peaks.  The  SQ-B  blank  shows  a  Al-Na"*"  peak 
height  of  dQ~'  =  5  x  lO"^.  Figure  2  compares 
the  acoustic  loss,  Q”^,  spectra  for  unswept, 
Li -swept,  and  Na-swept  PQ-E  series  resonator 
blanks.  The  unswept  blank  shows  a  small  A1 - 
Na"*^  loss  peak  at  53  K  with  a  height  dG~^  of 
approximately  5  x  10~^.  The  Li  sweep  re¬ 
moved  this  peak  and  did  not  introduce  any 
new  peaks.  The  Na-swept  blank  showed  a  very 
large  53  K  peak  with  dQ~^  =  2  x  10”^  as  shown 
in  Figure  2.  The  Na-swept  Toyo  sample  showed 
nearly  the  same  53  K  Al-Na"*"  peak  as  the  Na- 
swept  Sawyer  sample.  Since  the  material  from 
which  these  blanks  were  fabricated  contains 
10  to  15  ppm  aluminum,  we  conclude  that  the 
concentration,  C,  of  Al-Na"*"  centers  is  given 
by 

C  =  C5<±207.)  X  10^3dQ“^  <1) 

where  C  is  in  ppm  and  dQ~^  is  the  height  of 
the  53  K  Al-Na'*'  loss  peak.  Thus,  the  unswept 
PQ-E  blank  probably  contains  about  0.3  ppm 
Al-Na"*"  centers;  the  remaining  lO  to  15  ppm  of 
aluminum  must  be  compensated  by  Li"*".  Since 
the  mineralizer  used  in  growing  Premium  Q 
quartz  is  predominantly  Na2C03,  the 
essentially  total  exclusion  of  Na"*"  from  the 
aluminum  sites  by  the  addition  of  a  small 
amount  of  Li2C03  to  the  solution  is 
remarkable.  The  as-grown  Toyo  Supreme  Q 
blank  contains  substantial  amounts  of  Na"*"  but 
Li"*"  must  still  be  the  majority  charge  compen¬ 
sator  because  the  53  K  peak  increased  by  a 
factor  of  four  when  the  sample  was  Na-swept. 
The  natural  quartz  resonator  also  contains 
only  a  small  number  of  Al-Na"*"  centers.  An 
additional,  much  smaller,  loss  peak  related 
to  the  Al-Na"*"  center  was  observed  at  approxi¬ 
mately  135  K  in  the  Na-swept  blanks.  Park  and 
Nowick^^  have  also  observed  two  Na-related 
peaks  in  their  dielectric  loss  measurements. 


TEMPERATURE  <K) 

Fig.l.  The  acoustic  loss  spectra  of  unswept 
Sawyer,  unswept  Toyo  resonator  blanks  and  a 
natural  quartz  crystal  are  compared.  The  Al- 
Na"*"  center  is  responsible  for  the  peak  at 
53  K. 


-3 


TEMPERATURE  (K) 

Fig.  2.  The  acoustic  loss  spectra  of  un¬ 
swept,  Na-swept  and  Li -swept  resonator  blanks 
all  fabricated  from  the  same  bar  of  Sawyer 
Premium  Q  quartz  are  shown. 

In  contrast  to  earlier  work^^  which 
reported  a  Li"*"  related  loss  peak  near  105  K, 
the  results  shown  in  Fig.  2  for  the  Premium  Q 
blanks  and  similar  results  for  the  Toyo 
samples  show  no  evidence  of  a  Al-Li"*"  acoustic 
loss  at  temperatures  below  100°C.  Toulouse, 
Green  and  Nowick^^  have  recently  reported  the 
absence  of  Li"*"  related  dielectric  loss  peaks 
in  both  Sawyer  Premium  Q  and  Toyo  Supreme  Q 
samples.  They  suggest  that  because  of  the 
small  size  of  the  Li"'  ion  the  double  well  Na"*" 
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sites  have  collapsed  into  a  single  well  -for 
the  Li"'".  The  resulting  Al-Li'*'  pair  then  pro¬ 
bably  lies  along  the  x-axis.  Such  a  single 
well  model  would  show  neither  acoustic  nor 
dielectric  loss  peaks. 


Figure  3  compares  the  acoustic  loss  spec¬ 
tra  -for  the  unswept,  Li -swept,  and  H-swept 
blanks.  The  results  Tor  the  Li  and  H-sweeps 
are  essentially  identical,  as  were  the  re¬ 
sults  -for  a  D-sweep  which  have  been  omitted 
■from  Fig.  3  -for  clarity.  In-frared  absorption 
measurements  made  at  liquid  nitrogen  tempera¬ 
ture  show  that  the  H-swept  blank  contains  lO- 
15  ppm  A1-0H~  centers.  Thus,  it  appears  that 
neither  the  A1-0H“  nor  the  A1-0D“  centers 
show  signi-ficant  acoustic  loss  peaks  at 
temperatures  below  about  370  K.  It  should 
be  noted  that  at  higher  temperatures,  the 
interstitial  alkali  ions  become  thermally 
liberated  -from  the  Al^'*'  trapping  site  and 
di-ffuse  along  the  c-axis  channels.  This 


in- 

17 


di-f-fusion  causes  an  acoustic  loss  which 
creases  exponentially  with  temperature 
Lipson  et  aX-^^  and  Koehler^'^  have  shown 
that  this  high  temperature  loss  is  not  pre¬ 
sent  in  H-swept  quartz  which  contains  no 
alkali  ions  and,  there-fore,  must  be  caused  by 
the  alkali  di-f-fusion.  In-frared  absorption 
studies  o-f  the  A1-0H“  center  show  that 

it  is  strongly  polarized  with  the  electric 
dipole  perpendicular  to  the  c-axis.  This 
orientation  would  probably  not  have  a  double 
well  structure  that  would  give  rise  to  an 
acoustic  loss. 
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Fig.  3.  The  acoustic  loss  spectra  of  un- 
sewpt,  Li -swept  and  H-swept  resonator  blanks 
fabricated  from  a  single  bar  of  Premium  Q 
quartz  are  shown.  No  loss  peaks  are  observed 
that  can  be  attributed  to  either  the  Al-Li'*’ 
or  the  A1-DH~  centers. 


Figure  4  shows  the  effects  of  a  high  dose 
(lOMrad)  on  the  acoustic  loss  spectrum  of  the 
unswept  PQ-E  sample.  The  irradiation  has 
removed  the  53  K  Al-Na'*'  peak  and  introduced 
additional  loss  peaks  at  23  K,  100  K,  and  135 
K.  Martin  and  Doherty^^  and  Martin  ^  al . 
have  attributed  these  three  peaks  to  the  Al- 
hole  center.  Figure  5  shows  the  acoustic 
loss,  versus  temperature  spectrum  for 

the  Na-swept  blank  in  the  as-swept  condition 
and  after  a  room  temperature  irradiation. 
The  irradiation  has  removed  the  large  53  K 
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Fig.  4.  The  acoustic  loss  spectrum  of  the 
unswept  blank  is  shown  in  the  as-received 
condition  and  after  a  room  temperature  irra¬ 
diation.  The  irradiation  removed  the  53  K 
peak  due  to  the  Al-Na"*"  center  and  introduced 
a  peak  at  23  K  and  overlapping  peaks  at 
100  K  and  135  K  which  are  caused  by  the  Al- 
hole  center. 


and  135  K  Al— Na*^  loss  peaks  while  introducing 
the  23  K  peak  and  the  overlapping  lOO  K  and 
135  K  peaks.  The  post-irradiation  acoustic 
loss  spectra  for  the  unswept  and  Li -swept 
blanks  are  essentially  the  same  as  for  the 
Na-swept  sample.  These  three  loss  peaks  are 
also  observed  in  irradiated  H-swept  resona¬ 
tors  fabricated  from  this  same  bar.  However, 
their  strength  is  reduced  by  approximately  a 
factor  of  five.  An  inspection  of  the  results 
reported  by  Doherty  et  al..  for  the  acoustic 
loss  of  their  Na-swept  resonator  D14-45DC 
shows  that  the  23  K  peak  is  small  but  present 
in  their  results.  D14— 45  series  quartz  is 
Premium  Q  grade  material  with  an  aluminum 
content  less  than  1  ppm,  so  we  would  expect 
aluminum-related  loss  peaks  to  be  much 
smaller.  Their  Na  loss  peak  is  about  0.035 
times  that  of  our  Na-swept  PQ— E  resonator 
blank.  It  should  also  be  noted  that  their 
resonator  was  partially  H-swept.  Thus,  it 
appears  that  these  three  peaks,  and  the  Na 
peak  as  well,  scale  with  the  aluminum 
content. 
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Fig.  5.  The  acoustic  loss  spectrum  o-f  the  Na- 
SMept  blank  is  shown  in  the  as-swept 
condition  and  after  a  room  temperature 
irradiation.  The  irradiated  spectrum  is 
nearly  identical  to  that  of  the  irradiated 
unswept  sample  shown  in  Fig.  4. 


The  thermal  anneal  behavior  of  the  Al- 
hole  and  A1-0H~  centers  in  unswept  quartz  has 
been  studied  by  Jani ,  Bossol i  and 
Halliburton^^  and  by  Sibley  et  al..  respec¬ 

tively.  The  Al-hole  centers,  as  observed  by 
ESR  techniques,  anneal  out  slightly  below  550 
K  while  the  Al-OH“  center  anneals  out  between 
620  K  and  670  K.  If  the  three  radiation- 
induced  loss  peaks  are  due  to  the  Al-hole 
center,  they  should  show  the  same  annealing 
pattern  as  the  Al-hole  center  ESR  spectrum. 
We  have  carried  out  an  isochronal  anneal 
study  on  the  unswept  blank  and  on  the  Li- 
swept  blank.  The  results  for  the  unswept 
blank  show  that  the  23  K,  100  K,  and  135  K 
loss  peaks  all  anneal  out  between  500  and  550 
K,  as  shown  in  Fig.  6.  Since  the  three  loss 
peaks  occur  in  the  same  relative  strength  in 
unswept,  Li-swept,  Na-swept  samples  and 
follow  the  same  annealing  pattern  as  the  Al- 
hole  we  conclude  that  all  three  loss  peaks 
are  most  likely  caused  by  the  Al-hole  center. 
When  the  anneal  of  the  unswept  blank  is  con¬ 
tinued  to  higher  temperatures,  the  Al-Na'*' 
center  loss  peak  recovers  between  600  and  650 
K  as  shown  in  Fig.  6. 

The  isochronal  anneal  study  also  showed 
that  after  a  room  temperature  irradiation  and 
subsequent  670  K  anneal,  the  53  K  Al-Na'*'  peak 
in  the  unswept  blank  increased  from  an  ini¬ 
tial  value  of  5  X  10“^  to  2.2  x  10“*  after 
the  anneal.  The  Al-Na'*  loss  peak  also  ap¬ 
peared  in  the  Li -swept  sample  as  a  result  of 
the  annealing  although  it  was  absent  in  the 
as-Li -swept  sample.  These  latter  results 
suggest  that  sodium  is  trapped  at  sites  other 
than  aluminum  during  growth.  The  irradiation 
and  anneal  treatment  just  described  evidently 
rearranged  the  alkalis  within  the  sample.  It 
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Fig.  6.  The  isochronal  anneal  behavior  of 
the  radiation  induced  peaks  at  23  K,  lOO  K 
and  135  K  shows  that  the  three  peaks  go  out 
together  and  at  the  same  temperature  as  the 
Al-hole  centers.  These  data  were  taken  on 
the  unswept  blank.  The  Al-Na'*  center  grows 
to  four  times  its  original  concentration 
after  the  irradiation  and  subsequent  anneal. 

is  conceivable  that  this  process  would  take 
place  at  the  50  to  80°C  operating  temperature 
of  a  crystal  oscillator  (although  very 
slowly)  and  contribute  to  the  long  term  aging 
of  the  crystal . 

The  decay  of  the  radiation  induced  Al- 
hole  center  should  be  matched  by  the  corres¬ 
ponding  growth  of  the  A1-DH“  and/or  Al-M"* 
centers.  Sibley  et  have  measured  the 
high  temperature  annealing  behavior  of  the 
radiation-induced  A1-0H“  centers.  Their  re¬ 
sults  do  not  show  any  changes  in  the  A1-0H~ 
concentration  for  the  500-550  K  temperature 
range  where  the  Al-hole  center  decays.  This 
result  suggests  that  the  anneal  of  the  Al- 
hole  center  is  matched  by  the  return  of  an 
alkali  ion  to  the  A1  site.  Since  our  unswept 
samples  contain  mostly  Li**  ions  and  the  Al- 
Li'*  center  does  not  have  an  acoustic  loss 
peak.  Fig.  6  does  not  show  the  expected  lower 
temperature  return  of  the  alkali  ions  to  the 
aluminum  site.  We  have  repeated  the  isochro¬ 
nal  anneal  study  using  the  Na-swept  blank.  In 
this  case,  acoustic  loss  measurements  of  the 
23  K  Al-hole  peak  and  53  K  Al-Na**  peak  were 
used  to  track  the  behavior  of  the  hole  and 
the  alkali  centers.  Polarized  infrared 
absorption  measurements  of  the  3367  cm~^  band 
were  also  made  on  the  Na-swept  blank  in  order 
to  track  the  A1-0H“  center.  Figure  7  shows 
the  results  of  the  anneal  plotted  in  terms  of 
the  aluminum  content.  The  decay  of  the  23  K 
Al-hole  between  500  K  and  550  K  loss  peak  is 
matched  by  a  257.  growth  in  the  53  K  Al-Na'* 
acoustic  loss  peak.  The  remaining  growth  of 
the  53  K  peak  closely  matches  the  decay  of 
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Fig.  7.  The  ischronal  anneal  o-f  the  23  K 
Al— hole  center  peak  and  the  Al— OH  infrared 

band  which  were  produced  by  a  room  tempera¬ 
ture  irradiation  of  the  Na— swept  blank  are 
shown.  The  decay  of  the  Al— hole  centers  be¬ 
tween  500  and  550  K  is  matched  by  a  257. 
recovery  of  the  Al  — Na"*"  centers.  The  higher 
temperature  decay  of  the  Al— QH  centers  is 

matched  by  the  final  recovery  of  the  Al-Na 
centers. 


A1-0H“  as  measured  by  infrared  absorption. 
The  increase  in  the  Al -0H~  center  observed 
near  350  K  does  not  have  a  corresponding 
change  in  either  the  Al-hole  centers  or  Al- 
Na'*’  centers.  Subramaniam,  Halliburton  and 
Martin^®  have  also  observed  this  lower  tem¬ 
perature  anneal  step  of  the  A1-0H“  centers. 
The  annealing  results  shown  in  Fig.  7  suggest 
that  the  room  temperature  irradiation 
converted  approximately  257.  of  the  Al  sites 
into  Al-hole  centers  with  the  remaining  75Z 
becoming  A1-0H~  centers.  In  the  irradiation 
process,  the  Na"*”  leaves  the  Al  site  and  is 
subsequently  trapped  at  an  as  yet  unknown 
site  in  the  crystal.  When  the  Al-hole 
centers  anneal  out  the  500  K  to  550  K  tem¬ 
perature  range  the  Na"*^  ion  returns  to  the  Al 
site.  In  unswept  material  the  decay  of  the 
Al— hole  centers  must  be  accompanied  by  the 
return  of  Li'*'  ions  since  no  corresponding 
increase  in  the  Al -0H“  centers  is  seen. 

Often  defect-related  acoustic  loss  peaks 
can  be  described  by 

dQ“l  =  DWtCl  +  <2) 

where  dQ'"^  is  the  loss  above  the  intrinsic 
background,  D  is  the  strength  factor,  Ui  is 
the  angular  frequency,  and  t  is  the  relax¬ 
ation  time  for  reorientation  of  the  defect. 
The  relaxation  is  usually  thermally  activated 
as  the  defect  must  go  over  an  energy  barrier 
to  reach  the  other  equivalent  sites.*”  Thus, 

T=  rjjexpIE/kT)  <3) 


where  E  is  the  barrier  height  and 
contains  the  number  of  equivalent  orienta¬ 
tions  and  the  attack  rate.  We  have  fit  Eq. 
2,  with  the  relaxation  time  given  by  Eq.  3, 
to  the  53  K  and  135  K  Al-Na**  center  loss 
peaks  and  to  the  three  radiation-induced  Al- 
hole  loss  peaks.  The  calculated  parameters 
are  given  in  Table  1.  Our  activation 
energies  and  relaxation  times  for  the  Al-Na"* 
center  are  in  good  agreement  with  Park  and 
Nowick's  dielectric  loss  results, as  well 
as  those  of  Stevels  and  Volger.^*^ 

Stevels  and  Volger  have  also  reported  a 
radi ati on— i nduced  dielectric  loss  peak  with  E 
=  7.5  meV  and  "^0  =  5  x  10~^  sec.  This 

3<=tivation  energy  is  in  reasonable  agreement 
with  our  23  K  peak,  but  the  relaxation  time 
is  much  longer.  Taylor  and  Farnell"^*^  have 
also  made  dielectric  loss  measurements  on 
irradiated  quartz;  they  found  a  loss  peak 
near  E  =  7.5  meV  in  agreement  with  Stevels 
and  Volger  and  an  additional  peak  at  tempera¬ 
ture  with  E  =  1.2  meV  and  =  a. 2  x  10-5^ 


Table  I . 

Acoustic- 

loss  peak 

parameters 

Defect 

T(K) 

E(meO) 

o<sec) 

Al-Na"* 

53 

57 

1.65x10“^3 

Al  -Na"* 

135 

130 

4.44x10 

Al —hoi e 

23 

e 

B.3xl0“l® 

Al-hole 

100 

90 

1.0xl0“‘2 

Al -hoi e 

135 

110 

2.7x10~‘2 

Conclusions 

Sweeping  Li"*,  H"*,  or  O'*  into  high- 
aluminum-content  Premium  Q  grade  quartz  AT- 
cut  resonators  removes  the  small  Al-Na"*  loss 
peak  at  53  K  but  does  not  introduce  any  new 
loss  peaks  at  temperatures  below  370  K. 
Therefore,  we  conclude  that  the  Al-Li"*  and 
A1-0H~  centers  do  not  have  anelastic  loss 
peaks  in  this  temperature  region.  Na-swept 
samples  exhibit  a  very  large  53  K  loss  peak. 
This  shows  that  in  as-grown  quartz  most  of 
the  Al  sites  are  compensated  by  Li"*.  Irra¬ 
diation  at  room  temperature  replaces  the 
interstitial  alkali  at  the  Al  sites  with  a 
mixture  of  Al-hole  and  Al -OH~  centers.  These 
radiation  induced  Al-hole  centers  are 
responbsible  for  acoustic  loss  peaks  at  23  K, 
100  K  and  135  K.  The  thermal  decay  of  the 
Al-hole  center  is  accompanied  by  a  corre¬ 
sponding  return  of  the  alkali  ions  to  the  Al 
sites.  The  higher  temperature  decay  of  the 
A1-0H~  center  is  also  matched  by  the  growth 
of  the  Al-M"*  centers. 
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SUMMARY 


Anyone  performing  calculations  on 
quartz  crystal  devices  requires  numerical 
values  for  the  physical  constants  used  in 
his  equations.  However,  as  with  any 
physical  constant,  there  is  no  absolute 
value  which  may  be  assigned  to  a  constant  of 
quartz — only  a  "best"  value  based  upon 
numerous  observations  performed  under 
controlled  laboratory  conditions  on  a 
variety  of  documented  samples. 


With  time,  and  much  effort,  the  quartz 
engineer  accumulates  his  own  list  of  "best" 
values  for  the  frequently  used  constants  of 
quartz.  Still,  when  a  new  calculation 
involves  an  obscure  constant,  a  literature 
search  is  required  to  find  that  obscure 
value. 


Such  a  literature  search  has  been 
conducted,  and  a  list  of  "good"  constants 
for  alpha  quartz  is  presented. 


NOMENCLATURE 


There  are  thousands  of  references  in  the 
literature  on  the  subject.  Many  of  the 
measurements  are  of  little  value  today  since 
details  of  the  experiments  were  often 
neglected — ,i.e.,  temperature,  source  of  the 
quartz,  standards,  etc. 

Quartz  obtained  from  most  locations  is 
not  useful  for  electronic  applications,  due 
to  excessive  twinning,  inclusions,  and 
fracturing.  Through  World  War  II,  all 
quartz  used  was  natural  quartz,  mostly  from 
Brazil.  Since  then,  the  art  of  culturing 
quartz  has  evolved  to  where  cultured  quartz 
is  used  almost  exclusively  for  electronic 
applications . 

The  constants  presented  here  may  be 
applied  to  only  the  finest  grades  of 
cultured  quartz  —  those  that  most  nearly 
imitate  natural  quartz.  Devices  fabricated 
from  lower  quality  cultured  quartz  have 
physical  constants  enough  different  from 
natural  quartz  to  produce  sizeable  errors 
when  compared  to  otherwise  identical  natural 
quartz  devices. 


The  word  "quartz"  as  used  herein  means 
electronic  grade  crystalline  SiOj  at 
temperatures  below  573°C,  either'^ natural  or 
man-made  (cultured). 


Historically,  the  term  roc)c  crystal, 
low-quartz,  alpha  quartz,  and  crystalline 
quartz  has  been  used  for  "quartz". 


Modern  usage  in  certain  industries  uses 
the  term  "quartz"  to  refer  to  fused 
quartz — quartz  which  has  been  heated  to 
above  its  melting  point.  Fused  quartz  is 
non-piezoelectric  and  non-crystalline; 
hence,  of  no  usefulness  to  the  quartz 
engineer.  Sosman  [1],  p.  43,  says:  "The  use 
of  the  single  word  "quartz"  to  refer  to 
vitreous  silica  can  not  be  too  strongly 
condemned.  It  has  arisen  through 
carelessness  or  ignorance  and  is  already 
causing  troublesome  confusion."  Sosman 
suggests  the  use  of  "quartz-glass"  or  "fused 
quartz"  for  this  material. 


Some  quartz  engineers  refer  to  cultured 
quartz  as  "synthetic"  quartz.  Synthetic 
gives  the  connotation  of  "not  real",  so  is 
to  be  avoided  in  this  context,  since 
cultured  quartz  is  "real"  quartz. 


HISTORY 


Ever  since  man  first  held  a  piece  of 
quartz  in  his  hand,  he  has  been  aware  of  one 
of  quartz'  physical  constants — its  density. 
Since  then,  most  physical  constants  of 
quartz  have  been  studied  and  measured. 


ACTUAL  DEVICES 

Due  to  the  assumptions  used  in  any 
theory,  and  also  due  to  the  probability  that 
the  calculated  device  has  a  different 
geometry  (diameter,  contour,  electrode  size) 
than  the  units  measured  to  produce  a  given 
physical  constant,  and  due  to  manufacturing 
tolerances  (especially  angular  orientation) 
it  is  usually  impossible  to  theoretically 
predict  quartz  device  behavior  to  better 
than  an  equivalent  angular  orientation  of 
about  +i°  for  double-rotated  cuts. 

To  better  refine  a  theory,  it  is 
necessary  to  ma)ce  a  matrix  of  actual 
devices — all  of  the  same  physical  design, 
except  for  a  well  controlled  slight 
variation  in  orientation. 

For  example,  EerNisse  [2]  in  1975 
predicted  the  SC-cut  to  occur  at 
phi=22‘’30'.  Kusters  and  Leach  [31 
experimentally  showed  that  for  their 
crystal  design,  phi=21°56',  a  variation  of 
34'.  Kusters  and  Leach  determined  phi  by  a 
carefully  controlled  experiment  involving  a 
matrix  of  orientations  about  EerNisse 's 
predicted  angle,  careful  measurements,  and 
computer  reduction  of  the  data  to  define  the 
orientation  for  the  zero  thermal  transient 
effect  (assuming  that  the  in-plane  stress  of 
EerNisse  is  the  same  mechanism  measured  by 
Kusters  and  Leach  in  their  thermal  transient 
tests )  . 

Similarly,  Adams  et  al.  [4]  determined 
the  temperature  coefficients  of  the  elastic 
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stiffnesses  of  quartz,  using  a  matrix  of 
precisely  oriented,  identically  prepared 
resonators,  as  opposed  to  Bechmann's  et  al. 

[5]  determination  of  the  same  coefficients 
using  a  varied  assortment  of  crystal  designs 
of  moderate  orientational  precision.  And 
yet,  neither  set  of  constants  can  predict 
temperature  behavior  of  the  SC-cut,  as 
actually  manufactured,  to  better  than  an 
equivalent  angular  orientation  of  i°;  but 
both  can  be  used  to  predict  the  existence 
of,  and  the  shape  of,  the  temperature  curve 
for  the  SC-cut,  and  do  so  accurately  enough 
to  allow  the  experimental  cuts  to  be 
selected  with  enough  precision  to  "close  the 
loop"  with  only  one  or  two  iterations  of  the 
actual  devices!  What  more  could  one  ask 
for? 

Similar  experimental  tests  will  always 
be  required  to  ultimately  define  a  desired 
quartz  device  orientation.  (Unless  the 
theory  can  be  expanded  to  include  the  now 
unsolvable  effects  of  the  boundary 
conditions;  finite  diameter,  contoured 
surfaces:  and  film  stress,  mounting  stress, 
etc . ) . 

THE  CONSTANTS 

In  1927,  Sosman  [1]  published  800  pages 
devoted  to  the  physical  properties  of  silica 
in  its  many  forms,  with  the  major  emphasis 
on  quartz.  Sosman  studies  in  detail  the 
many  measurements  of  each  property  presented 
in  the  literature  and  studied  in  his  own 
lab.  He  points  out  errors  and  omissions  of 
each  researcher,  and  attempts  to  arrive  at  a 
"best"  value  for  that  constant  of  quartz. 
Hence,  Sosman  was  used  as  the  primary 
resource  for  this  presentation. 

There  are  many  interesting  historical 
notes  included  in  the  references,  too 
numerous  to  include  here,  but  one 
observation  made  by  Dr.  Virgil  Bottom 
emphasizes  the  historical  contribution  made 
by  Pierre  Curie,  the  "Father  of 
Piezoelectricity":  "It  is  remarkable, 

therefore,  that  the  Curies  were  able  to 
obtain  a  value  for  d,,  in  quartz  which  is 
only  about  7%  below  trie  best  value  known 
today.  Between  1880  and  1970,  no  fewer  than 
thirty  independent  measurements  of  d^j^  in 
quartz  have  been  reported  and  half  or  these 
values  are  further  from  the  value  commonly 
accepted  today  than  that  given  by  the  Curies 
in  1880."  Dr.  Bottom  goes  on  to  conclude 
that,  "...  it  may  truthfulJy  be  said  of 
Pierre  Curie  that  he  laid  the  cornerstone  of 
modern  electronic  communication."  [6] 

The  constants  presented  in  Table  I  are 
not  represented  to  be  "The"  constants,  or 
"the  best"  constants,  but  only  "good" 
constants  —  for  the  reasons  outlined  above. 
"The"  constant  only  exists  for  a  given  piece 
of  quartz  of  a  given  design.  Change  the 
design  and  some  of  the  measurable  constants 
will  change.  Use  another  piece  of  quartz 
from  the  same  autoclave  or  the  same  vug  (a 
cavity  in  which  the  crystals  grow  in  nature) 
and  the  constants  will  change  (at  least  to 
the  precision  allowed  by  modern 
"state-of-the-art"  measurement  techniques). 


No  attempts  have  been  made  to  "improve" 
upon  these  constants  by  curvefitting  several 
sets  of  data,  or  by  re-calculation.  The 
only  modification  has  been  to  convert  a  few 
constants  to  the  same  units  of  measurement. 
Where  this  has  been  done,  the  conversion 
constant  used  is  noted. 

The  temperature  at  which  a  measurement 
was  made  is  indicated,  if  available.  When 
no  temperature  is  noted,  the  measurement  can 
be  assumed  to  have  been  made  at  room 
temperature . 

No  representation  is  made  as  to 
completeness,  accuracy,  or  appropriateness 
of  any  constant.  Indeed,  only  a  few  of  the 
constants  found  in  the  literature  noted  the 
error  band  of  the  values  given;  hence, 
allowing  for  the  small  differences  between 
different  sources,  no  error  bands  are 
indicated  in  Table  I. 

The  author  would  appreciate  receiving 
suggestions  for  the  inclusion  of  other 
constants,  or  new  or  better  values  for  the 
ones  presented,  with  the  intent  of 
publishing  a  new  list  from  time  to  time  as 
data  warrants.  Such  suggestions  may  be  sent 
to  the  author  at  the  address  above. 
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TABLE  I 


"GOOD''  FUNDAMENTAL  MATERIAL  CONSTANTS  FOR  CRYSTALLINE  QUARTZ 


CONSTANT  NAME  VALUE  REFERENCE 


AXIAL  RATIO  c/a 

1.1015 

@  -250°C 

SOSMAN  [1]  P. 

1.1014 

-200 

205,  368-370. 

1.1009 

-100 

SEE  ALSO 

1.1003 

0 

FRONDEL  [7]  P. 

1 .0996 

100 

7,  20,  39 

1.0988 

200 

1.0979 

300 

1 .09  60 

400 

1.0956 

500 

1.0946 

550 

1.0940 

573 

1.09997 

7 

HEISING  [8]  P.  103 

1.100 

20 

CADY  [9]  P.  27 

******A******* 

TEMPERATURE 

-6 . 14X10 

®/°C  @  0”C 

FRONDEL  P.  39 

COEFFICIENT 

SOSMAN  P.  377 

COMPOSITION 

SILICON 

46.72% 

SOSMAN  P.  22,27 

OXYGEN 

53.28%  by  weight 

COMPRESSIBILITY 

2.76X10" 

^/kg/an^  @  0 

2 

kg/an 

SOSMAN  P.  427. 

COEFFICIENT, 

2.65 

2039 

ALSO  SEE  P. 

VOLUME,  (TRUE) 

2.53 

4079 

426-433 

2.42 

6118 

2.33 

8157 

2.25 

10197 

2.18 

12236 

NOTE:  1 

megabarye  =  10^ 

2 

dyne/ can 

=  1.0197  kg/aa^ 

CONDUCTIVITY, 

PARALLEL 

PERPENDICULAR 

TEMP 

SOSMAN  P.  419,  420 

THERMAL 

— 

0.68 

-252“C 

0.117 

0.0586  • 

-190 

0.0476 

0.02409 

-78 

0.0325 

0.01731 

0 

0.0215 

0.01333 

100 

0.029 

0.016 

20 

FRONDEL  P.116 

ca 

l/c3n/s/°C 

CURIE  TEMPERATURE 

57  3 

.  3°C 

SOSMAN  P.  116-125 

(LOW-HIGH  INVERSION, 

(ON 

HEATING) 

FRONDEL  P.  3,  117 

ALPHA- BETA  INVERSION) 

CADY  P.  31 

25 
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DENSITY,  ABSOLUTE 

2.65067  g/on^  §  0°C 

FRONDEL  P.  114 

2.64822  25 

CADY  P.  412 

2.665  g/an^  @  -250°C 

SOSMAN  P.  361 

2.664  -200 

2.659  -100 

2.651  0 

2.641  100 

2.630  200 

2.616  300 

2.601  400 

2.581  500 

2.554  573 

(ALSO  P.  291-295) 

! 

TEMPERATURE 

12X10"®/‘'C  @  -200°C 

SOSMAN  P.  291, 

ODEFFICIENT,  TRUE 

25.2  -100 

362,  366 

33.6  0 

SEE  ALSO  FRONDEL 

40.0  100 

46.6  200 

54.9  300 

67.4  400 

P.  114 

100  500 

141  550 

T^  =  -34 .92X10“®/“C 

BECHMANN  [5] 

T^  =  -15.9X10'®/°C^ 

SEE  ALSO  CADY 

T^  =  5. 30X10"^^/‘’C^ 

P.  412 

(APPARENTLY  REFERENCED  TO  25*0 

1 

'DIELECTRIC  CONSTANT 

4.6  PARALLEL  TO  Z-AXIS 

SOSMAN  P.  515 

4.60 

BOTTOM  [ 10 ] 

4.5  PERPENDICULAR  TO  Z-AXIS 

SOSMAN 

4 . 51 

BOTTOM 

SEE  ALSO  CADY 

P.  414,  FRONDEL 

1 

*************** 

116 

®11^  =  622^  =  39 .97XlO"^^F/m 

BECHMANN 

s  T  „ 

”  “0.'6 

633"^  =  41.03 

ST. 

®33  -®33  =  ° 

*************** 

TEMPERATURE 

COEFFICIENT 

PARALLEL:  , 

K=4.926(1-1.10X10”  (T-IO)- 

SOSMAN  P.  523 

AND  GRAPH  P.  524 

2.4X10"^(T-10)^) 

PERPENDICULAR:  , 

K=4. 766 [1-9. 9X10"  (T-10) ] 

FOR  T=10  TO  ll’C 

*************** 

FIELD  STRENGTH 

K=0  TO  2000  V/CJH  (PARALLEL) 

CADY  P.  415 

COEFFICIENT 

K=0  TO  12000  V/an  (PERPENDICULAR) 

26 
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ELASTIC  COEFFICIENTS, 
THIRD  ORDER 


ELECTRIC  STRENGTH 


HARDNESS,  PENETRATION 
(AUERBACH) 

MHO 

SCRATCH 


HEAT  CAPACITY,  TRUE 


HEAT  OF  SOLUTION 


HEAT  OF  TRANSFORMATION 
LATENT 

(LOW  — >  HIGH  QUARTZ) 


LATTICE  CONSTANT  "a" 


MAGNETIC 

SUSCEPTIBILITY 

(VACUUM) 


pill  - 
hi2  _ 
^113  _ 

pll4  _ 
pl23  _ 
pi24  : 
pl33  _ 
^134  _ 

pi44  : 
^155  : 

b22  _ 

P33  _ 

^344  _ 

^444  ~ 

-2.10X10^^dyn/cm 

-3.45 

+0,12 

-1.63 

-2.94 

-0.15 

-3.12 

+0.02 

-1.34 

-2.00 

-3.32 

-8.15 

-1.10 

-2.76 

2 

THURSTON 

[Ill 

4X10®V/c3ii 

9  -80“C 

CADY  P.  413 

7 

9  60 

30.8X10^ 

kg/c3n^  PARALLEL 

TO  Z 

SOSMAN  P. 

491 

22.9 

PERPENDICULAR  TO  Z 

7 

SOSMAN  P. 

494 

667  (CORUNDUM  =  1000) 

SOSMAN  P. 

49  4 

5.4X10" 

^cal/g  9  -250°C 

SOSMAN  P. 

314, 

41.0 

-200 

331 

111,2 

-100 

166.4 

0 

204.3 

100 

232.7 

200 

254.3 

300 

270.0 

400 

291.0 

500 

340(?) 

573 

(IN  20 

"C  grams) 

30.29  kg- 

cal/formula  wt  in  34.6%  HF 

SOSMAN  P. 

318 

2.5  cal/g 

SOSMAN  P. 

312 

0.15  kg-cal/formula  wt 

4.9035  Angstroms  9  18®C 

SOSMAN  P. 

226 

4.903 

? 

HEISING  P 

.  10  3 

4.91331 

25 

FROND EL  P 

.  25 

4.90288 

25 

CADY  P,  735 

4.91267 

25 

CADY 

PARALLEL 

PERPENDICULAR 

TYPE 

SOSMAN  P. 

57  6 

-1.21X10 

-1.20X10"^ 

VOLUME 

1 

o 

-0.45 

MASS 

27 
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MAGNETO-OPTIC  ROTATION 
(VERDET  CONSTANT) 

TEMPERATURE 

COEFFICIENT 

0.15866  min  @  2194.92  angstroms,  20“C 
0.04617  3612.5 

0.02750  4678.15 

0.02257  5085.82 

0.01664  5892.9 

0.01368  6438.47 

*************** 

w  =  W2q[1  +  O.OOOIKT  -  20)] 

FOR  T=20  TO  100”C 

! 

SOSMAN  P.  776 

SOSMAN  P.  777 

MELTING  POINT 

<1670''C 

1 

.PENETRATION, 

PARALLEL  PERPENDICULAR 

1 

SOSMAN  P.  465 

MODULUS  OF 

1062  kq/csn^  859  kg/cm^ 

PIEZOELECTRIC 

STRAIN 

COEFFICIENTS 

=  -2.30X10"^^m/V 

SOSMAN  P.  559 

=  -2.27 

BOTTOM  [12] 

=  -2.25 

HEISING  P.  20 

dj^j^  =  -2.30 

CADY  P.  219 

=  0.57X10“^^m/V 

SOSMAN 

1 

d^4  =  0.85 

HEISING 

di4  =  0.67 

NOTE:  1  esu/dyne  =  3  X  lO^m/V 

CADY 

d.,  =  2.32X10“^^m/V  @  1.5°K 

2.32  4.2 

2.31  -196  "C 

2.22  20 

2.05  100 

STRESS 

GRAHAM  [13] 

®11  “  0.171C/m^ 

BECHMANN 

=  0.180 

CADY  P.  219,  224 

=  0.0403 

BECHMANN 

**4************ 

CADY 

PRESSURE  COEFFICIENT 

2 

varies  by  <0.1%  to  3519  kg/an 

SOSMAN  P.  559 

RESISTIVITY 

PARALLEL  PERPENDICULAR  TEMPERATURE 
0.1X10^^  20X10^^  20"C 

SOSMAN  P.  528-537 

ALSO  SEE 

_ _ 1 

0.8X10^^  100 

70X10®  200 

60X10®  ohm/an  300 

KOLODIEVA  [14] 

28 
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REFRACTIVE  INDEX 


ORDINARY  RAY;  SOSMAN  P.  588-625 

n  ^=3.4269  +  1 . 06 54X10"^/( L^-0 . 010627 ) 

°  2 

+  111. 49/(L  -100.77) 

ORDINARY  RAYt  FRONDEL  P.  129 

n  ^=3.53445  +  0 . 008067/ ( L^-0 . 012749 3 ) 

°  2 

+  0.002682/(L  -0.000974) 

+  27.2/(L^-108) 


EXTRAORDINARY  RAY: 

n„^=3. 5612557  +  0 . 00844614/( L^-0 . 012749 3 ) 

®  2 

+  0*00276113/(L  -0.000974) 

+  127.2/(L^-108) 


FRONDEL 


where  L=wavelength  in  mp 

n  =  1.54425  (Na  @  IS'C) 

n°  =  1.55336 
e 

*************** 


CADY  P.  723 


TEMPERATURE 

COEFFICIENTS 


ORDINARY  RAY: 

-6.50X10“^/“C 

FRONDEL 

P. 

129  , 

EXTRAORDINARY  RAY: 

*************** 

-7.544 

SOSMAN 

P. 

637 

BIREFRINGENCE, 

TEMPERATURE 

COEFFICIENT 


B  =  B  -  (972T  +  1.6T^)10 
o 

FOR  T=4  TO  99° C 


SOSMAN  P. 
FRONDEL  P 


ROTARY  POWER 


201.9°/mm 
95.02 
21.724 
11.589 
0  .972 


@  2265.03  angstroms 

3034.12 
5892.9 
7947.63 
25000 


SOSMAN  P. 
FRONDEL  P. 


684, 

.  131 


648 

132 


ROTATION  IS  CW  IN  RIGHT  HAND  QUARTZ 
AND  CCW  IN  LEFT  HAND  QUARTZ. 

*************** 


TEMPERATURE 

COEFFICIENT 


about  +1.4X10”^/°C  at  20'C 
(independent  of  wavelength) 


SOSMAN  P 


SPECIFIC  HEAT 


0.1412  cal/g/°C  @  -50°C 
0.1664  0 

0.1870  50 

0.2043  100 


CADY  P. 


.  689 


411 


29 
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STIFFNESSES 

D  E 

c  c 

c,,  =  87.49  86.74X10 

^N/m^ 

BECHMANN 

=  11.91  11.91 

SEE  ALSO  HEISING 

c,,  =  107.2  107.2 

P.  40  ff,  SOSMAN 

=  -18.09  -17.91 

P.  463,  CADY  P. 

=  57.98  57.94 

137-155  (GRAPHS) 

Cgg  =  40.63  39.88 

ALSO  CADY  P.  757 

TEMPERATURE 

FIRST  SECOND 

THIRD 

COEFFICIENTS 

i1  X10~®/°C  XIO  ^/°C^  XlO 

11  -48.5  -107 

-70 

BECHMANN 

-49.6  -107 

-74 

ADAMS  [ 4 ] 

13  -550  -1150 

-750 

SEE  ALSO  HEISING 

-651  -1021 

-240 

P.  55,  CADY  P. 

33  -160  -275 

-250 

136-140 

-192  -162 

67 

14  101  -48 

-590 

89  -19 

-521 

44  -177  -216 

-216 

-172  -261 

-194 

66  178  118 

21 

167  164 

29 

STRENGTH 

STRENGTH  CONFINING  PRESS  TEMP 

FRONDEL  P.  109 

COMPRESSIVE 

24,000kg/cm  1  atm 

20®C 

150,000  25000  atm 

400 

Ithhltltltiiiiltltifkltlfk 

COMPRESSIVE 

245001cg/cin^  PARALLEL 

SOSMAN  P.  481 

22400  PERPENDICULAR 

SEE  ALSO 

SCHOLZ  [15] 

TENSILE 

1120  PARALLEL 

850  PERPENDICULAR 

RUPTURE  (BENDING) 

1380  PARALLEL 

920  PERPENDICULAR 

SYMMETRY 

TRIGONAL  TRAPEZOHEDRAL  or 

SOSMAN  P.  183 

TRIGONAL  ENANTIOMORPHOUS 

HEMIHEDRAL 

TRIGONAL  HOLOAXIAL  or 

CADY  P.  19 

ENANTIOMORPHOUS  HEMIHEDRAL 

*************** 

CLASS  18,  SYMMETRY  Dj  (SCHONFLIES) 

CADY  P.  19 

SYMMETRY  32  ( HERMANN-MAUGUIN ) 

30 
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THERMAL  EXPANSION 

PARALLEL  PERPENDICULAR 

TEMPERATURE 

SOSMAN  P.  370 

COEFFICIENT, 

LINEAR  (MEAN 

FROM  0°C) 

4.10X10  ®/°C 
5.50 

6.08 

8.60X10"®/ 

9.90 

11.82 

°C  -250°C 
-200 
-100 

7.10 

13.24 

0 

7.97 

14.45 

100 

8.75 

15.61 

200 

9.60 

16.89 

300 

10.65 

18.50 

400 

12 . 22 

20.91 

500 

15.00 

25.15 

573 

*************** 

FIRST 

SECOND 

THIRD 

BECKMANN 

ii  X10”®/°C 

0 

XIO  /°c 

X10"^^/°C^ 

11  13.71 

6.5 

-1.9 

33  7.48 

2.9 

-1.5 

NOTE: 

^  ®22 

THERMOELASTIC 

ORDER 

a 

®33 

UNIT 

BALLATO  [16] 

Cil'  X  ^  CiL'l  i.  O 

(HIGHER  ORDER) 

1  13.16 

6.37 

10“®/°C 

2  15.68 

8.18 

10"^/“C^ 

3  -7.86 

6.88 

lO'^^/^C^ 

REFERENCED  TO  O'^C 

WAVELENGTH 

1.5374  angstroms 

HEISING  P.  97 

CU  K  ,  X-RAY 

1.54051 

FROND EL  P.  25 

VOLUME, 

37.40X10"^^an^ 

SOSMAN  P.  225 

UNIT  CELL 

YOUNG'S  MODULUS 

1.03X10^^  dynes/on^  PERPENDICULAR 

CADY  P.  155 

0.78 

PARALLEL 

s'  XIO^^  =  1269  -  841cos^«+  543cos^a 

3  .3  .3 

-  862sin  0  ~  862sin  e  cosOsin 

FRONDEL  P.  122 

cm^/dyne 

NOTE:  Y 

m 

=  l/s'33 

NOTE:  PARALLEL  =  PARALLEL  TO  Z-AXIS  (OPTICAL  AXIS) 

PERPENDICULAR  =  PERPENDICULAR  TO  Z-AXIS 
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38th  Annual  Frequency  Control  Symposium  -  1984 


EFFECT  OF  IRRADIATION  AND  ANNEALING 
ON  THE  ELECTRICAL  CONDUCTIVITY  OF  QUARTZ  CRYSTALS 


E.R.  Green,  J.  Toulouse,  J.  Hacks  and  A.S.  Nowick 
Krumb  School  of  Mines,  Columbia  University 
New  York,  N.Y.  10027 


Summary 

In  order  to  better  understand  the  defects  produced 
in  a-quartz  by  irradiation,  electrical  conductivity 
measurements  provide  a  valuable  tool.  A  detailed  study 
was  made  of  the  radiation-induced  conductivity  (RIC)  of 
a  variety  of  crystals,  including  both  cultured  and 
natural  crystals  that  had  been  either  Li-  or  Na-swept. 
X-ray  irradiation  was  carried  out  at  and  below  room 
temperature  (from  150-300  K)  and  subsequent  annealing 
up  to  450°  C.  Immediately  after  low-temperature 
irradiation  the  RIC  showed  an  activation  energy,  E,  of 
0.28  ±  0.02  eV.  With  annealing  E  increased  and  the  RIC 
decreased.  Irradiation  at  150  K  gave  a  larger  RIC  than 
irradiations  above  200  K,  where  alkalis  M'*'  are  known  to 
be  released  from  A1-M+  pairs.  Isochronal  annealing  to 
elevated  temperatures  showed  an  overshoot  phenomenon, 
whereby  the  conductivity  fell  to  values  below  those  of 
the  unirradiated  crystal,  after  which  it  annealed 
upwards. 

Consideration  of  the  principal  results  of  these 
experiments  led  to  the  conclusion  that  the  RIC  is  most 
readily  explained  in  terms  of  electronic  rather  than 
ionic  defects,  viz.,  polaron-like  holes  that  have  a 
hopping  activation  energy  of  0.28  eV.  There  remain 
questions  to  be  answered,  however,  before  this 
mechanism  can  be  regarded  as  definitely  established. 

Introduction 

The  effects  of  radiation  on  the  frequency  of 
quartz-crystal  resonators  is  well  known. I”’  Radiation 
induced  changes  in  frequency  are  related  to  changes  in 
defect  structures  induced  by  the  radiation.  Of  central 
importance  in  this  regard  is  the  Al-M'*'  defect,  where  A1 
denotes  an  Al3+  ion  substituting  for  Si'^'*',  and  M'*’  an 
alkali  (primarily  Li'*'  or  Na'*')  located  in  an  adjacent 
interstitial  position.  The  Al-Na'*'  center  can  be 
detected  through  a  characteristic  pair  of  anelastic 
loss  peaks'^  as  well  as  by  a  pair  of  dielectric  loss 
peaks.5>6  There  are  no  comparable  Al-Li'*'  peaks, 
however.^  It  has  been  shown^.S  that  irradiation  at 
temperatures  above  200  K  liberates  the  alkali  from  the 
Al-M'*'  pair,  replacing  it  either  with  a  hole  h'*’  or  a 
proton  H'*'  which  binds  to  a  nearby  oxygen  ion  to  form  an 
OH"  ion.  The  corresponding  Al-h^  defect  is  directly 
observable  by  means  of  electron  spin  resonance  (ESR) 
measurementslO  while  the  Al-OH  center  is  observable 
through  characteristic  infrared  (IR)  absorption 
bands. Thus,  techniques  are  available  for  the 
study  of  the  formation  and  annealing  of  these  two 
centers.  On  the  other  hand,  our  ability  to  follow  the 
course  of  the  alkalis  subsequent  to  their  liberation 
from  Al-M'*’  centers  by  irradiation  has  been  very  limited. 
Radiation  induced  dielectric  peaks  at  very  low 
temperatures  have  been  studied  which  appear  to  be  due 
to  alkali  centers, the  details  concerning  such 
peaks  are  not  yet  fully  sorted  out.  Yet  there  is 
considerable  evidence  that  radiation-induced  frequency 
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changes  are  greatly  influenced  by  defects  involving  the 
alkalis. 


The  present  work  is  a  further  and  more  detailed 
study  of  the  long-term  RIC  and  of  the  effects  of 
annealing  after  irradiation.  Most  of  the  crystals 
studied  were  electrodiffused  ("swept")  so  that  the 
alkali  present  was  essentially  either  all  Li'*'  or  all 
Na'*'.  X-ray  irradiation  was  carried  out  at  and  below 
room  temperature,  and  the  effects  on  conductivity 
immediately  following  the  irradiation  and  after  step 
annealing  up  to  temperatures  ■v  450°  C  will  be  reported. 
The  work  leads  to  conclusions  that  were  initially  quite 
unexpected. 

Theory  of  the  Conductivity 


0  =  x^Nj^ey^  (1) 

where  x  is  the  mole  fraction  of  the  carriers,  N  the 
number  Of  Si02  molecules  per  unit  volume,  e  the  Charge 
on  the  carrier  and  Uq  its  mobility.  It  is  the  quantity 
Uj.  that  can  be  highly  anisotropic  in  the  crystal  of 
a-quartz.  Except  where  otherwise  stated,  in  this  paper 
u  and  0  will  both  refer  to  the  direction  parallel  to 
the  c-axis.  In  general  both  x^.  and  uj-  are  temperature 
dependent.  The  mobility  is  given  by 

=  ed^H^/kT  (2) 


An  opportunity  to  follow  the  alkalis  subsequently 
to  irradiation  is  offered  by  electrical  conductivity 
measurements.  It  is  well  known  that  the  conductivity  of 
unirradiated  a-quartz  crystals  ionic  in  origin  and 
that  the  carriers  are  M+  ions  libt  '=11,^1  from  Al-M"*"  pairs, 
which  then  migrate  preferentially  along  the  open  c-axis 
channels  of  the  crystal  structure. 13  Radiation-induced 
conductivity  (RIC)  has  also  been  studied.  Here  it  was 
shown  (using  a  pulse  irradiation  source)  that  there  are 
two  effects:  one  at  very  short  times  (■'^  msec)  which  has 
been  attributed  to  electronic  defects,  and  the  second  at 
longer  times  which  has  been  attributed  to  M"*"  ions  freed 
from  Al-M"''  centers.^  A  strong  argument  that  the  longer 
term  RIC  is  due  to  M'*'  ions  is  the  high  anisotropy  of  the 
effect,  viz.  the  fact  that  the  conductivity  parallel  to 
the  c-axis  is  much  larger  than  that  perpendicular  to  the 
c-axis,  suggesting  the  migration  of  interstitial  ions  in 
the  open  channel  s .  1‘1>15 


This  section  will  review  some  of  the  basic 
equations  that  describe  the  conductivity  and  will  be 
required  for  later  reference. 

If  the  conductivity,  o,  is  dominated  by  one 
carrier,  e.g.  the  alkali  ion,  M'*',  it  can  be  expressed 
as 


where  d  is  the  component  of  jump  distance  parallel  to 
the  c-axis,  kT  has  the  usual  meaning,  and  is  the  jump 
frequency  of  the  carrier  defect,  given  by 

Here  vq  (usually  10^^  sec'M  includes  both  the  attempt 
frequency  and  an  entropy  factor  for  the  migrating  defect, 
while  Em  is  the  motional  activation  energy. 

For  the  quantity  Xg  there  are  two  important  cases. 
Under  equilibrium  conditions,  with  most  of  the  M"*" 
carriers  associated  as  Al-M'*’  pairs,  the  value  of  Xc  is 
obtained  from  the  mass  action  relation  for  the  associa¬ 
tion  equilibrium,  and  takes  the  form: 

x^  «  exp  (-mE^/kT)  (4) 

where  E/\  is  the  association  energy  of  the  pair  and  m  =  i 
or  1  depending  on  the  detailed  situation  involving  other 
defects. Thus,  combining  eqs.  (l)-(4),  in  the  lower 
temperature  range  (where  association  is  nearly  complete), 
0  obeys  the  Arrhenius-type  relation 

oT  =  A  exp  (-E/kT)  (5) 

in  which  the  "conductivity  activation  energy"  E  is  given 

by 


E  = 


+  mE^ 


(6) 


The  preexponential  factor  A  can  also  be  explicitly 
evaluated. 


The  second  relatively  simple  case  for  Xg  is  the 
nonequilibrium  one,  where,  immediately  after  irradiation 
Xq  is  frozen  in  at  a  constant  value,  independent  of 
temperature.  This  applies  so  long  as  the  temperature  is 
kept  low  enough  to  avoid  annealing.  In  this  case,  we 
again  obtain  Eq.  (5),  but  now 


and 

A  =  x^N  d^e^v'/k 

CO  0 

Since  all  other  constants  are  reasonably  well  known, 

Eq.  (8)  may  be  used  to  calculate  Xg  from  the  experimen¬ 
tal  value  of  the  preexponential  factor  A. 


(7) 

(8) 


Methods 

( - — 

The  principal  cultured  crystals  studied  were  high 
quality  crystals  taken  from  the  Z-growth  region:  Toyo 
Supreme  Q  (bar  SQ-A),  Sawyer  Premium  Q  (bar  PQ-E)  and 
High  aluminum  grown  in  the  Soviet  Union  (bar  HA-A).  The 
natural  crystal  (NQ)  was  a  clear  crystal  from  Arkansas. 

Electrodiffusion  experiments  were  carried  out  at 
Oklahoma  State  University  by  Dr.  J.  Martin. 3°  These 
included  Li"*"  sweeping,  Na'*'  sweeping  and,  in  one  case,  H'*’ 
sweeping. 

X-ray  irradiation  was  carried  out  for  a  period  of  2 
to  4  hours  using  a  conventional  tungsten-filament  tube 
at  40  kV  and  20  mA.  The  dose  was  3x10°  R.  The  very 
soft  X-rays  were  filtered  out  by  the  layer  of  sputtered 
silver  used  as  electrodes. 

For  irradiation  below  room  temperature  a  special 
cell  was  buiU  to  make  it  possible  to  carry  out 
conductivity  measurements  without  warm-up.  The  cell  was 
cooled  with  a  dry- Ice/ethanol  mixture  and  with  liquid 
nitrogen  for  still  lower  temperatures.  With  the  aid  of 
a  heating  coil  it  was  possible  to  achieve  the 


temperature  range  from  150  -  400  K  in  this  apparatus. 

For  the  higher  temperature  measurements  the  sample  was 
placed  in  a  standard  conductivity  cell  which  could  go  up 
to  500°  C. 

Conductivity  measurements  were  made  with  a  General 
Radio  type  1620A  Capacitance  Bridge  assembly  over  the 
frequency  range  20  Hz  -  100  kHz.  In  most  cases,  complex 
impedance  analysis  was  used  to  obtain  the  bulk  conduc¬ 
tance. *3  The  samples  were  plates  of  surface  area  1  cm2 
and  thickness  1.0  -  1.5  mm  coated  with  sputtered  silver 
electrodes. 


Resul ts 


Unirradiated  Crystals 

A  listing  of  the  samples  studied  and  the  best 
estimates  of  their  A1  contents  is  given  in  Table  I.  (In 
most  cases  the  A1  content  was  obtained  from  the  peak 
height  of  the  principal  Al-Na  dielectric  loss  peak  in 
the  Na  swept  material;  in  some  cases  the  strength  of  the 
Al-h'*'  ESR  signal  after  the  irradiation  sequences  of 
Markes  and  HalliburtonS  was  used).  Arrhenius  plots  of 
the  conductivity  are  given  in  Fig.  1.  At  the  lower 
temperatures  all  of  these  plots  give  good  straight 
lines.  Table  II  lists  the  activation  energies,  E,  and 
preexponentials.  A,  obtained  from  these  straight  line 
portions.  The  results  show  that  differences  in  o 
between  li-swept  and  Na-swept  samples  from  the  same 
stone  are  small,  generally  well  within  an  order  of 
magnitude.  Except  for  the  HA-A  samples,  >  of^g-, 
however  E|_.j  is  slightly  greater  than  Ekjg  for  all  of  the 
cultured  crystals.  It  should  be  recalled  that  E  is 
made  up  of  terms  related  both  to  the  motion  and  the 
association  energy  of  the  carrier  [Eq.  (6)].  The 
significance  of  these  results  and  of  the  corresponding 
preexponentials.  A,  will  be  discussed  elsewhere. 37 


The  two  lowest  curves  of  Fig.  1  are  especially 
interesting.  The  second  lowest  is  the  SQ-A  H-swept 


Table  I.  Crystals  Studied. 

Name  Type 

NQ  Natural 

SQ-A  Cultured 

(Toyo) 

PQ-E  Cultured 

(Sawyer) 

HA-A  Cultured 

(Russian) 

GEC  Cultured 

(GEC  Ltd) 

sample  (i.e.  air  swept).  It  shows  that  substituting  H'*' 
for  alkalis  lowers  o  by  two  orders  of  magnitude,  yet 
keeps  E  unchanged.  This  strongly  suggests  that 
residual  alkalis  are  still  the  carriers,  and  that  H''' 
is  far  less  mobile  than  alkali  ions. 

The  lowest  curve  is  that  for  the  highest  purity 
(GEC)  samplel8  and  indicates  that  here  too,  o  is 
suppressed  because  of  the  very  low  alkali  content.  The 
similarity  between  this  curve  and  that  of  the  H-swept 
SQ-A  sample  in  Fig.  1  is  quite  striking. 

Irradiated  Crystals:  Low  Temperatures 

With  the  apparatus  described  earlier,  it  has  been 
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Fig.  1.  Arrhenius  plots  of  the  conductivity  (log 
oT  vs.  T’‘)  for  various  unirradiated  samples. 


possible  to  carry  out  irradiations  below  room  tempera¬ 
ture  and  then  to  begin  measurements  immediately  in  situ. 
Three  different  sets  of  samples  were  investigate?”in 
this  manner:  HA-A  and  NQ  (both  Li  and  Na-swept),  and 
PQ-E  (Li-swept  only).  Figure  2  shows  results  for  NQ-Li 
after  irradiation  at  210  K.  Curve  (a)  is  the  initial 
run  (up  to  -29°  C);  then  after  several  additional  runs 
in  this  temperature  range  (not  shown),  curve  (b)  was 


Table  II.  Summary  of  Results  on  Conductivity  of 
Unirradiated  Samples. 


Sample 

E(eV) 

A(n”^cm  ^ 

NQ-Li 

1.11 

1.4  X  10® 

NQ-Na 

1.19 

1.2  X  10® 

HA-A- Li 

1.38 

1.9  X  10^ 

HA-A-Na 

1.32 

1.6  X  10^ 

SQ-A-Li 

1.43 

1.5  X  10^ 

SQ-A-Na 

1.36 

2.2  X  10® 

SQ-A-H 

1.42 

2.3  X  10® 

GEC-Low  A1 

1.42 

1.4  X  10® 

T  rci 


Fig.  2.  Conductivity  plots  of  an  NQ-Li  swept 
sample  irradiated  at  210  K:  a)  immediately  after 
irradiation,  b)  after  several  runs  below  -29°  C,  and 
c)  after  a  Ih  anneal  at  4°  C. 


obtained,  showing  that  only  a  small  amount  of  annealing 
and  virtually  no  change  in  activation  energy 
(E  =  0.29  eV)  have  occurred.  After  Ih  at  4°  C  curve  (c) 
is  obtained,  showing  considerable  annealing  and  an 
appreciable  increase  in  E. 

It  is  noteworthy  that  a  in  curve  (a),  say  at  220  K, 
is  lO^Himes  higher  than  the  value  extrapolated  from 
Fig.  1  for  the  same  crystal.  In  this  sense,  then,  the 
effect  of  irradiation  is  truly  spectacular.  For  the 
same  irradiation,  high  quality  cultured  crystals,  such 
as  SQ-A  and  PQ-E  give  initial  conductivities  almost  an 
order  of  magnitude  lower  than  that  for  the  natural 
crystal,  NQ,  but  of  course  still  enormously  greater  than 
the  equilibrium  values. 

Figure  3  shows  the  effect  of  irradiation  tempera¬ 
ture,  showing  initial  runs  on  a  PQ-E-Li  swept  sample 
after  two  different  irradiations,  one  at  150  K  and  the 
other  at  240  K.  It  is  striking  that  the  conductivity 
after  150  K  irradiation  is  so  high  even  though  the 
irradiation  temperature  lies  below  the  range  in  which 
alkalis  are  liberated  from  Al-M'*’  centers. Table  III 
summarizes  the  results  for  the  various  as-irradiated 
samples  showing  the  values  of  E  and  A  obtained  as  well 
as  the  conductivity  at  -51°  C  (1000/T  =  4.5).  It  is 
interesting  that  the  initial  activation  energies  fall 
within  a  narrow  range  of  0.28  ±  0.02  eV  except  for  the 
sample  irradiated  at  the  highest  temperature  (240  K). 

The  final  column  of  Table  III  is  the  value  of  xp 
calculated  from  Eq.  (8)  and  the  measured  value  of  A, 
under  the  assumption  that  E=E|„  (i.e.  x,-  is  a  constant). 

As  annealing  after  irradiation  is  continued  at 
higher  and  higher  temperatures  or  for  long  time  periods, 
a  continues  to  decrease  and  E  to  increase,  in  the  manner 
already  shown  in  Fig.  2.  Further  annealing  studies 
were  carried  out  in  the  range  above  room  temperature. 

Irradiated  Crystals:  Elevated  Temperatures 

For  the  study  of  behavior  of  irradiated  samples 
well  above  room  temperature,  there  seemed  to  be  no  need 
t0  irradiate  below  room  temperature.  Therefore,  for 
convenience,  room  temperature  irradiations  were  used. 

As  already  indicated,  considerable  annealing  of  the 
conductivity  takes  place  as  irradiated  crystals  are 
warmed  up.  Figure  4  shows  a  series  of  isothermal 
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Fig.  4.  Isothermal  annealing  curves  carried  out  at 

annealing  curves  carried  out  at  successively  increasing  successively  increasing  temperatures  for  NQ-Na  swept 
temperatures.  It  shows  a  surprising  reversal  of  the  sample  after  room  temperature  irradiation, 

direction  of  annealing.  Thus,  while  o  decreased  with 
time  at  temperatures  up  to  219°  C,  it  remained  almost 
constant  at  240°  and  267°  C,  then  started  to  increase 

isothermally  at  331°  and  higher.  It  is  helpful  to  plot  ■,  In  o  c  In  (o.  /n  )  (9) 

the  data  isochronal ly,  as  in  Fig.  5.  Here  we  plot  log 

oT  versus  1/T  in  the  usual  way,  but  comparing  the  Here  0,-^^  is  the  conductivity  of  the  irradiated  and 

equilibrium  data  of  Fig.  1  with  values  obtained  after  isochronally  annealed  sample  while  CypTyr  °^ 

ih  anneal  at  successively  increasing  temperatures.  The  the  unirradiated  sample.  Thus  t  In  ~  U  the  difference 
SQ-A  cultured  and  the  natural  NQ  samples,  both  Li  swept,  in  ordinates  between  the  irradiated  and  unirradiated 

are  shown.  The  cross-over  or  "overshoot"  effect  curves  in  Fig.  5.  In  o  =  0  represents  the  cross-over 

demonstrated  in  Fig.  5  has  been  observed  for  all  of  the  of  the  two  curves,  while  negative  values  represent  the 

alkali  swept  samples  studied  after  irradiation.  Note  range  in  which  the  irradiated  curve  falls  below  the 

that  the  conductivity  finally  returns  to  the  equilibrium  unirradiated.  Figure  6  shows  such  a  plot  for  the  NQ-Na 

curve  only  after  anneals  at  '  450°  C.  swept  and  the  NQ-Li  swept  samples.  It  is  interesting 

that  the  Li-swept  case  crosses  over  sooner  than  the  Na- 
It  is  illuminating  to  represent  the  annealing  data  swept.  A  similar  plot  for  the  cultured  SQ-A-Na  crystal 
as  a  plot  of  A  In  o  versus  temperature,  where 


Table  III.  Summary  of  Results  on  Conductivity 
of  As-Irradiated  Samples,  [x  is  the  mole 
fraction  of  carriers  calculated  from  Eq.  (8)]. 


Safnpl  e 

Irrad.  Temp. 

(°K) 

oT  , 

at  -51°  C 

E  (eV) 

A(a-1| 

cnr  Ik) 

x,(ppm) 

NQ-Na 

210 

3  X 

10'^ 

0.27 

4.6  X 

10-8 

3  X 

10-8 

NQ-Li 

210 

8  X 

10-9 

0.29 

2.9  X 

10-8 

1.8 

X  10-1 

HA-A-Na 

215 

7  X 

10-11 

0.26 

4.3  X 

10-8 

3  X 

10-4 

HA- A- Li 

210 

3  X 

10-11 

0.30 

2.1  X 

10-4 

1.4 

X  10-8 

PQ-E-Li 

150 

1.2 

X  10-8 

0.28 

2.9  X 

10-8 

1.8 

X  10-1 

PQ-E-Li 

240 

6  X 

10-10 

0.34 

3.2  X 

10-8 

2  X 

10-1 
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Fig.  5.  Conductivity  plots  comparing  unirradiated 
sample  (circles)  to  isochronally  (Jh)  annealed  sample  at 
successively  increasing  temperatures  following  room 
temperature  irradiation  (crosses).  Data  are  for  NQ  and 
SQ-A  samples,  both  Li-swept. 


is  shown  in  Fig.  7.  In  this  case  we  have  also  marked 
the  annealing  stages  observed  by  others  on  similar 
samples,  using  ESR,  IR  and  anelastic  relaxation 
methods. Stage  I  is  the  region  in  which  Al-OH  centers 
increase,  apparently  without  comparable  changes  in  the 
other  observable  centers.  Stage  II  is  the  well  defined 
annealing  stage  in  which  the  Al-h'*’  center  anneals  out 
with  a  partial  recovery  of  Al-Na'*'.  Finally,  in  stage 
III  the  Al-OFI  centers  disappear  and  are  replaced  by 
Al-Na,  which  now  account  for  all  of  the  A1  centers,  as 
before  ’T-radiation. 


TCKI 


Fig.  6.  Isochronal  plot  of  In  a  versus  tempera¬ 
ture  for  two  samples:  NQ-Na  and  NQ-Li  swept.  .L  In  o  is 
defined  by  Eq.  (9). 


Fig.  7.  Isochronal  plot  similar  to  Fig.  6  for 
SQ-A,  Na  swept  sample.  Also  shown  are  the  temperaturi 
ranges  of  three  annealing  stages  previously  reported. 


The  comparison  of  these  stages  with  the  present 
annealing  curve  is  somewhat  inexact  because  of  differ¬ 
ences  in  the  type  of  irradiation  and  the  samples 
employed  by  ourselves  and  the  other  investigators.  A 
more  exact  comparison  has  been  made  in  this  laboratory 
between  the  conductivity  annealing  of  the  NQ-Na  and  NQ- 
Li  samples  of  Fig.  6  and  the  annealing  out  of  the  low 
temperature  dielectric  peak  produced  by  irradiation. 12 
While  this  dielectric  peak  has  been  attributed  to 
alkali  centers  rather  than  to  Al-h'*',  we  have  recently 
shown  that  it  anneals  almost  precisely  together  with 
the  Al-h+  center,  i.e.  in  Stage  11.1'  Comparison  of  the 
annealing  curves  of  the  low  temperature  dielectric 
peak12  with  the  data  of  Fig.  5  shows  that  it  anneals 
precisely  in  the  range  in  which  .i  In  -r  is  close  to  its 
minimum  value.  In  other  words,  the  A  In  c  curves  are 
essentially  quiescent  when  the  important  Stage  II 
annealing  process  is  taking  place.  This  observation 
will  be  of  special  significance  to  the  discussion  of  the 
next  section. 


Discussion 


It  has  been  customary  to  regard  the  long-term 
radiation-induced  conductivity  (RIC)  as  due  to  ionic 
(alkali  ion)  carriers,  that  are  considerably  enhanced  in 
their  numbers  by  the  irradiation.  The  principal  argu¬ 
ment  for  this  viewpoint  is  the  high  anisotropy  of  the 
long-time  RIC,  favoring  the  direction  parallel  to  the 
crystal  c-axis.1^>15  This  anisotropy  is  more  consistent 
with  freed  alkali  ions  running  along  c-axis  channels 
than  with  electrons  and/or  holes  in  energy  bands  of  the 
crystal.  The  present  work,  however,  has  yielded  a 
number  of  key  facts  that  are  difficult  to  explain  by  the 
ionic  mechanism.  These  facts  may  be  summarized  as 
follows; 

1)  The  magnitude  of  the  RIC  immediately  after 
irradiation  is  not  diminished,  but  is  in  fact  increased, 
when  irradiation  is  carried  out  below  200  K  (where  other 
experiments  have  demonstrated  that  alkali  ions  are  not 
liberated  from  Al-M'*’  centers). ®>5  See  Fig.  3. 
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2)  The  magnitude  of  the  RIC  'S  smallest  for  the 
cultured  crystal  (HA-A)  that  has  the  highest  A1  content. 
See  Table  III. 

3)  Immediately  after  low  temperature  irradiation 
an  activation  energy  E  =  0.28+0.02  eV  is  found  for  both 
Li-and  Na-swept  samples  (although  the  value  for  Na  is 
perhaps  consistently  slightly  lower  than  that  for  Li). 

See  Tabl e  III. 

4)  Upon  annealing,  the  conductivity  shows  the 
overshoot  phenomenon,  falling  to  values  below  that  of 
the  unirradiated  crystal.  See  Fig.  5. 

5)  The  important  annealing  Stage  II  (where  Al-h'*' 
centers,  as  well  as  the  low- temperature  dielectric  peak 
attributed  to  alkali  centers,  disappear)  takes  place  in 
a  range  in  which  In  is  not  changing.  See  Fig.  6. 

As  already  mentioned,  these  facts  do  not  absolutely 
rule  out  an  ionic  mechanism,  but  one  must  invoke 
complexities  that  strain  the  model,  e.g.  the  existence 
of  a  variety  of  ill-defined  deep  traps  of  different 
depths  for  the  alkalis.  We  will  not  attempt  to  develop 
Such  a  model  in  this  paper. 

On  the  other  hand,  if  we  were  to  postulate  an 
electronic  model,  specifically  claiming  that  low- 
mobility  electron  holes  dominate  the  long-term  conduc¬ 
tivity  after  irradiation,  then  most  of  the  above 
mentioned  facts  can  be  readily  explained.  It  is  then 
reasonable  to  suppose  that  the  minimum  in  the  In  o 
curves  (Figs.  6  and  7)  represen  s  the  point  in  which  the 
dominance  of  hole  conductivity  ceases  and  ionic  conduc¬ 
tivity  begins  to  take  over.  The  minimum  is  not  then  a 
point  of  zero  change,  where  the  concentration  of 
carriers  remains  constant,  but  merely  the  sum  of  a 
sharply  decreasing  curve  for  the  conductivity  contrib¬ 
uted  by  holes  and  an  increasing  curve  for  that 
contributed  by  alkalis.  Item  5  above  is  then  no  longer 
a  problem.  As  for  items  1  and  2,  for  hole  dominated 
RIC,  the  largest  conductivities  should  indeed  arise  when 
the  fewest  Al-h'*'  centers  are  produced,  viz.,  when  T  is 
below  200  K  or  when  the  A1  content  is  relatively  low. 

In  terms  of  this  interpretation,  the  holes  must  be 
self  trapped  by  the  lattice  relaxations  and  therefore 
move  as  polarons.  The  initial  activation  energy  of 
0.28  eV  would  then  represent  the  activation  energy  for 
migration  of  thest  noles  and,  of  course,  the  same  value 
should  then  be  obtained  for  Li-  as  for  Na-swept  crystals 
(item  3).  The  values  of  Xc  in  the  last  column  of 
Table  III  then  represent  the  concentration  of  such  holes. 
Note  the  extremely  small  value  for  these  freely  migrat¬ 
ing  defects  (10'^  to  lO'^  ppm). 

Two  questions  then  arise.  First,  is  there  any 
other  evidence  for  such  defects  in  quartz?  A  possible 
"yes"  answer  comes  from  work  on  ultraviolet  photo¬ 
electron  spectroscopy  in  amorphous  Si02,  which  makes  it 
possible  to  probe  the  structure  of  the  valence  band.^O 
A  narrow  nonbonding  orbital  subband  is  found  near  the 
valence-band  edge  indicating  low  hole  mobility  with 
possible  lattice  trapping  of  these  holes.  It  is  also 
indicated  that  the  valence-band  structure  of  crystalline 
a-quartz  should  be  similar.  The  second  question  is 
whether  such  polaron-like  holes  could  migrate  preferen¬ 
tially  along  the  c-axis,  in  order  to  account  for  the 
large  anisotropy.  This  question  is  unanswered  at 
present. 

Further  experiments  to  demonstrate  more  directly 
whether  the  RIC  is  electronic  in  origin  are  desirable. 
Nevertheless,  at  this  stage,  the  explanation  of  the 
present  experiments  in  terms  of  electronic  defects  seems 
to  provide  the  most  reasonable  interpretation  for  the 
observations  reported  herein,  and  a  new  viewpoint 


concerning  radiation- induced  conductivity. 
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Probable  Ion  Signature  in  Quartz  ElectrodiCbision  Data 
William  P.  Hanson 

Piezo  Crystal  Company,  Carlisle,  PA  17013 


Summary 

Quartz  electrodiffusion  data  indicate  tiiai  specific  ionc  are 
being  transported  over  clearly  defined  temperature  ranges  dur¬ 
ing  the  first  phase  of  sweeping.  Data  from  over  160  bars  show 
seven  current  density  peaks  occurring  between  25  C  and  525  C. 
Peaks  up  to  .6  pAlcm‘  have  been  recorded.  Typical  intensities 
are  around  .05  pA/cm^ 

A  relationship  between  the  peaks  and  annealing  tempera¬ 
tures  of  alkali  defect  centers  seems  probable.  Most  of  the  peaks 
occur  over  the  same  temperature  range  that  Al-defect  centers 
anneal,  as  reported  by  Martin  (1).  Other  defect  centers  may 
account  for  some  of  the  unknown  peaks.  The  relationship  be¬ 
tween  annealing  temperatures  and  current  density  peaks  indi¬ 
cates  the  peaks  may  be  single  ion  signatures,  possibly  provid¬ 
ing  a  measure  of  the  total  number  of  defect  centers  in  a 
particular  bar. 

Introduction 

Quartz  electrodiffusion  is  a  thermally  controlled  "purifica¬ 
tion”  process.  Unwanted  alkali-ions  are  pulled  along  the  optic 
axis  of  quartz  by  an  electric  field.  Current  produced  by  the 
transportation  of  alkali  ions  increases  exponentially  as  temper¬ 
ature  increases  and  linearly  as  the  electric  field  increases. 

Electrodiffusion  run  parameters  vary  throughout  the  indus¬ 
try.  A  typical  Piezo  Crystal  Company  electrodiffusion  run  has 
three  phases:  1,  a  heating  up  phase,  2.  a  pure  sweep  phase  and 
3.  a  cool  down  phase.  The  point  where  phase  one  changes  to 
phase  two  is  the  point  where  the  temperature  reaches  a  maxi¬ 
mum.  This  point  is  referred  to  as  the  "phase  1-phase  2  transi¬ 
tion  point".  The  transition  point  is  the  point  where  the  current 
density  usually  reaches  a  maximum  and  must  be  separated 
from  the  "current  density  peaks”  which  occur  during  the  tem¬ 
perature  rise  of  phase  one.  During  phase  two  (the  pure  sweep 
phase)  the  electric  field  and  temperature  are  constant.  The 
third  phase  (the  cool  down  phase)  is  signified  by  the  exponen¬ 
tial  drop  in  current  density  at  the  end  of  an  electrodiffusion 
run.  Of  the  160  bars  swept,  none  showed  any  current  density 
peaks  during  phase  three.  The  complete  run  typically  takes 
seven  days;  two  days  to  warm  up,  three  days  of  pure  sweep 
time,  and  two  days  of  cooling.  The  electric  field  is  initially 
applied  at  room  temperature  and  held  constant  throughout  the 
run.  The  maximum  temperature  reached  is  typically  525  C. 
Temperatures  up  to  550  C  have  been  tried  successfully. 


Electrodiffiision  Data 

Electrodiffusion  data  plotted  as  current  density  vs.  time  pro¬ 
vide  an  easy  way  to  compare  one  bar  to  another.  Variations  in 
current  density,  peak  intensities,  and  peak  locations  are  easily 
seen.  Figure  one  is  a  current  density  vs.  time  plot  of  a  typical 
electrodiffusion  run.  The  first  48  hours  of  the  data  show  an 
exponential  increase  in  the  current  density;  this  is  referred  to 
as  phase  one  (increasing  temperature  and  constant  electric 
field).  The  current  density  reaches  a  maximum  value  when  the 
temperature  reaches  a  maximum,  in  this  case  525  degrees  C.  It 
is  during  this  firs*  phase  where  the  current  density  peaks  are 
seen.  There  are  no  noticeable  peaks  in  this  particular  bar.  The 
second  phase  occurs  from  hour  48  to  120.  This  is  the  pure 
sweep  phase  (constant  temperature  and  electric  field),  show¬ 
ing  an  exponential  decrease  in  the  current  density.  The  third 
phase  is  the  cool  down  phase  (decreasing  temperature  and 


constant  electric  field),  from  hour  120  to  168,  showing  the  ex¬ 
ponential  decrease  in  current  density  as  a  function  of  tempera¬ 
ture. 


Threshold  Current  Density 

Figure  two  is  the  same  data  plotted  as  current  density  vs. 
temperature.  Any  anomalies  that  are  a  function  of  temperature 
can  be  seen  easily.  This  bar  did  not  have  any  current  density 
peaks  during  phase  one.  One  interesting  point  can  be  seen  by 
comparing  the  minimum  detectable  current  level  of  phase  one 
(temperature  rise)  to  phase  three  (temperature  decrease)  as  a 
function  of  temperature.  The  threshold  current  level  as  a  func¬ 
tion  of  temperature  changed  from  160  C  in  phase  one  to  over 
400  C  in  phase  three.  This  change  is  typical  for  bars  with  or 
without  current  density  peaks. 


Current  Density  Peaks 

Current  density  peaks  occur  during  the  heating  up  of  the 
bars.  Figure  three  is  a  current  density  vs.  time  graph  showing 
some  typical  peaks.  Two  peaks  can  be  seen;  one  peak  occurs 
between  the  24  and  30  hour  marks.  Another  peak,  displayed  as 
a  plateau,  can  be  seen  at  hour  42.  Figure  four  is  the  same  data 
graphed  as  current  density  vs.  temperature.  The  current  den¬ 
sity  scale  has  been  expanded  so  the  peaks  can  be  seen  more 
clearly.  The  temperature  at  which  the  peaks  occur  can  be  pin¬ 
pointed  at  300  C  and  450  C.  The  300  C  peak  is  very  common, 
occurring  in  over  40%  of  the  bars.  The  450  C  peak  occurred  in 
only  6%  of  the  bars. 

Electric  fields  of  1900  to  2000  volts/cm  are  typical.  The  elec¬ 
tric  field  is  applied  at  room  temperature  and  held  constant 
throughout  the  electrodiffusion  run.  Figure  five  is  an  example 
of  an  extreme  case  of  current  density  peaks.  There  are  three 
peaks  occurring  at  285  C,  350  C,  and  425  C.  One  peak  is  nearly 
as  intense  as  the  phase  1-phase  2  transition  pe^  (maximum 
temperature  reached),  a  very  unusual  case. 

Comparing  figures  one.  three,  and  five,  a  pattern  can  be  seen 
in  the  final  current  density  before  the  cool  down  of  the  oven 
(phase  three).  Figure  one  (bar  S155)  has  no  peaks.  The  current 
density  dropped  74.2%  from  its  maximum  value  at  the  48  hour 
mark.  Figure  three  (bar  Si 70)  has  two  peaks.  The  current  den¬ 
sity  dropped  57.0%  from  its  maximum  value.  Figure  five  (bar 
S161)  has  three  peaks,  dropping  only  31.4%.  All  of  these  bars 
were  swept  during  the  same  run,  all  bars  were  premium  Q 
pure  Z  "SC"  bars  from  the  same  supplier.  The  final  current 
density  seems  to  be  related  to  the  number  and  intensity  of  the 
current  density  peaks.  The  fewer  the  peaks  and  the  less  intense 
the  peaks,  the  greater  the  percent  drop  in  current  density. 


Swept  Bar  Database 

The  bars  included  in  the  database  were  all  swept  between 
September  1983  and  May  1984.  Bars  were  usually  swept  in  lots 
of  5.  Of  the  169  bars,  55%  had  one,  two,  or  three  peaks.  None 
of  the  bars  had  more  than  three  peaks.  45%  had  no  detectable 
peaks  with  a  resolution  of  5  nano-amps/cm'.  Considering  the 
data  from  all  bars  there  are  seven  current  density  peaks.  The 
current  density  peaks  range  in  temperature  from  130  C  to 
505  C.  The  following  table  categorizes  the  peak  data  as  a  func¬ 
tion  of  the  number  of  peaks  per  bar. 
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Swept  Bar  Database 

169  Bars 
55.0%  Had  peaks 
31.4%  Had  one  peak 
20.1%  Had  two  Peaks 
3.6%  Had  three  Peaks 


The  swept  bar  database  shows  seven  distinct  current  density 
peaks  over  the  tested  temperature  range.  The  temperature 
ranges  and  percent  of  bars  are  listed  in  the  table  below.  Figure 
six  is  a  histogram  of  the  peaks  as  a  function  of  temperature. 


AT0028)  were  cut  in  half  and  labeled  AT0027A,  AT0027B, 
AT0028A,  and  AT0028B.  The  “A”  halves  of  the  bars  were  par¬ 
tially  swept.  Figure  seven  is  a  current  density  vs.  time  graph  of 
bar  AT0028A.  A  definite  peak  at  the  24  hour  mark  can  be  iden¬ 
tified.  Figure  eight  is  the  same  data  plotted  as  current  density 
vs.  temperature.  The  peak  occurs  at  270  C.  The  threshold  cur¬ 
rent  density  increased  from  175  C  during  phase  one  to  just  less 
than  250  C  during  phase  three.  The  bars  were  analyzed  for  Alu¬ 
minum  and  Sodium  content.  The  following  table  summarizes 
the  data. 

Bar  ID  IJnswept  Al  Swept  A1  Unswept  Na  Swept  Na 
in  ppm  in  ppm  in  ppm  in  ppm 


Peak  # 

Temperature  Range 

Percent 

1 

130  C 

1.5% 

2 

200  C  to  230  C 

17.6% 

3 

260  C  to  310  C 

42.0% 

4 

330  C  to  370  C 

14.5% 

5 

400  C  to  430  C 

12.2% 

6 

450  C  to  470  C 

6.1% 

7 

490  C  to  500  C 

6.1% 

Comparison  of  Al-alkaii  Defect  Centers  to 
Current  Density  Peaks 


Martin  (1),  measured  the  temperature  ranges  at  which 
Al-OH  ,  Al-Na  * ,  and  Al-hole  defect  centers  anneal .  Al-hole  de¬ 


fect  centers  are  known  to  exist  after  radiation  but  probably  do 
not  exist  prior  to  radiation  exposure.  For  comparison  purposes 
only,  the  five  regions  Martin  defines  as  annealing  regions  are 


compared  to  current  density  peaks  in  the  following  table. 

Annealing  Regions  of 

AI-Defect  Centers  Sweeping  Peak  Regions 

Al-OH 

50  -  150  C 

130C 

350  -  400  C 

330  -  370  C 

Al-Na* 

175  -  450  C 

260  -  310  C 

350  -  450  C 

400  -  430  C 

Al-hole 

200  -  280  C 

200  -  230  C 

No  Data 

450  -  470  C 

No  Data 

490  -  500  C 

Al-OH 

and  Al-Na*  defect  centers  anneal  over  two  separate 

temperature  ranges.  All  of  the  sweeping  peaks  occur  within  a 
range  where  an  Al-defect  center  anneals  except  the  two  that  are 
above  450  C.  Another  defect  center,  not  necessarily  Al  related, 
may  be  associated  with  the  two  peaks  about  450  C.  There  are 
no  definite  data  to  indicate  the  sweeping  peaks  are  caused  by 
the  annealing  of  the  Al-defect  center,  only  that  the  sweeping 
peaks  occur  within  a  temperature  range  where  an  Al-defect 
center  anneals.  A  model  of  the  process  could  be  described  as 
follows:  during  phase  one  (increasing  temperature  and  con¬ 
stant  electric  field)  defect  centers,  not  necessarily  just  Al-defect 
centers,  anneal.  The  annealing  of  the  centers  releases  the  asso¬ 
ciated  alkali  ion.  The  ion,  captured  by  the  electric  field,  mi¬ 
grates  along  the  optic  axis  of  the  quartz  bar,  producing  current. 
This  model  is  not  completely  satisfactory,  but  provides  a  hy¬ 
pothesis  to  test. 


Identification  of  “The  Ion"  Causing  a  Current 
Density  Peak  in  an  Electrodiflusion  Run 

An  experiment  was  conducted  to  try  to  identify  the  ion  asso¬ 
ciated  with  the  first  current  density  peak.  Electronic  grade 
"AT"  bars  were  used,  making  if  easier  to  measure  impurity 
levels.  The  oven  temperature  was  increased  by  30  C  past  the 
point  where  the  first  peak  occurred,  held  constant  for  1  hour 
and  then  decreased  at  the  same  rate.  Two  bars  (AT0027  and 


AT0027  5.6  4.5  .005  .005 

AT0028  5.6  3.7  .005  .005 

(Data  measured  at  Oklahoma  State  University) 


The  change  in  aluminum  content  is  probably  not  significant. 
Aluminum  concentration,  from  one  end  to  another,  in  a  bar 
can  vary  more  than  the  measured  differences  between  swept 
and  unswept  bars.  The  sodium  content  is  a  little  confusing  be¬ 
cause  of  the  extremely  small  value.  The  data  from  this  experi¬ 
ment  are  inconclusive.  Further  experiments  need  to  be  con¬ 
ducted  if  the  ions  are  to  be  identified. 

Conclusions  and  Discussions 

1.  There  are  at  least  seven  different  current  density  peaks 
which  occur  during  phase  one  (increasing  temperature  and 
constant  electric  field)  of  electrodiffusion  runs. 

2.  The  current  density  peaks  are  probably  related  to  the  an¬ 
nealing  of  defect  centers.  Aluminum  related  defect  centers 
may  account  for  several  of  the  peaks. 

Many  more  experiments  need  to  be  done  before  the  current 
density  peaks  are  related  to  one  ion  or  perhaps  several  ions.  If 
the  current  density  peaks  are  uniquely  related  to  an  ion  then 
the  electrodiffusion  data  may  indicate  the  total  number  of  de¬ 
fect  centers  in  a  bar. 

Forty  five  percent  of  the  bars  swept  had  no  measurable  cur¬ 
rent  density  peaks.  Perhaps  the  bars  least  sesnsitive  to  radia¬ 
tion  are  the  bars  without  current  density  peaks,  making  the 
sweeping  process  a  sorting  process.  The  real  question  is 
whether  or  not  the  electrodiffusion  data  can  be  useful  in  deter¬ 
mining  the  radiation  hardness  of  finished  resonators;  although 
there  is  some  interest  in  determining  the  relationship  between 
etch  channels  in  resonators  and  electrodiffusion  data. 
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Abstract 

Sweeping  (in  air)  and  irradiation  effects  in 
quartz  were  examined  in  a  program  aimed  at  the 
improvement  of  quartz  material  for  high-stability 
radiation-resistant  resonators.  Resistivity 
changes  as  a  function  of  transported  charge  were 
recorded  and  depth-profiled  secondary  ion  mass 
spectrometry  (SIMS)  results  were  used  to  analyze 
for  impurities  before  and  after  )  -irradiation. 
Both  swept  and  unswept  samples  of  high  purity 
cultured  quartz  were  studied.  Fully  swept  samples 
were  found  to  be  nearly  free  of  etch  channels. 

Color-center  striae  in  irradiated  unswept 
samples  were  analyzed  using  spatially  scanned 
absorption  spectrometry.  The  scanned  absorption  at 
460  nm  was  then  correlated  with  SIMS  analyses  at 
selected  regions  within  the  sample. 

Radiation  induced  steady  state  frequency 
shifts  were  measured  using  swept  resonator  samples 
from  two  different  suppliers  of  high  purity 
quartz.  No  significant  steady  state  frequency 
shift  differences  were  found  between  the  two  groups 
of  resonators  when  irradiated  to  0.76  Mrad  and  7.6 
Mrad  levels. 

Introduction 

Sensitive  experimental  techniques  are  required 
to  monitor  electrolysis  (sweeping)  and  irradiation 
effects  on  high  quality  quartz.  Specifically, 
characterizations  of  impurity/defect  concentrations 
and  diffusion  resulting  from  these  treatments  are 
indispensable.  The  ability  to  correlate  the 
results  of  these  characterizations  with  device 
performance  is  a  long-range  goal.  Another 
objective  is  to  develop  techniques  which  will  be 
useful  for  quality  assurance  in  the  manufacture  of 
high  quality  resonators  made  of  swept  quartz. 
Before  we  can  achieve  these  goals,  reliable 
techniques  for  sweeping  and  impurity  analysis  will 
have  to  be  developed  and  certified. 

It  is  known  that  sweeping  cultured  quartz 
leads  to  improvement  in  quartz  resonator  radiation 
sensitivity^’^.  However,  considerable  variation  in 
the  radiation  response  of  resonators  cut  from 
different  bars  has  been  reported^.  During  the 
sweeping  experiments  that  are  reported  in  this 
paper,  variability  in  the  current  density  vs  time 
response  of  individual  quartz  bars  was  noted. 
However,  we  found  uniformity  in  the  radiation 
induced  frequency  deviations  of  resonators 
fabricated  from  the  swept  quartz  material,  when 
Irradiated  with  up  to  7.6  Mrad  of  Jf  -radiation. 


Experimental  Procedures 

Samples  to  be  swept  were  cut  from  lumbered  Y 
bars  supplied  by  different  vendors.  In  Fig.  1  the 
location  and  dimensions  of  the  sample  bars  are 
shown. 


L. 


SAMPLE  DIMENSIONS 

>  I  <  10 1 T  CM 
T  C  4  TO  TOON 

I  I  0  to  2  0  CN 

Fig  1.  Y-Bar  Location  (Regions  1-4)  and 
Typical  Dimensions  of  Sample  Bars  Used  in 
Sweeping 


The  bars  were  placed  in  a  6  cm  diameter  X  90 
cm  long  quartz  tube  which  was  inserted  Into  a 
temperature  controlled  programmable  furnace  with 
tube  ends  extending  outside  the  furnace.  A 
thermocouple  contained  in  an  ungrounded  sheath  was 
placed  in  contact  with  the  quartz  to  monitor  the 
sample  temperature.  The  tube  was  fitted  with  a 
ground  joint  containing  3  ports  for  thermocouple, 
lead-in  wires  and  gas  input.  A  gas  output  port  was 
located  on  the  opposite  end  of  the  tube.  A  diagram 
of  the  jpparatus  is  given  in  Fig.  2. 


Fig  2.  Diagram  of  Sweeping  Apparatus 


*  This  paper  was  presented  at  the  37th  Annual  Frequency  Control  Symposium  (AFCS).  The  paper  was  not  published 
in  the  Proceedings  of  the  37th  AFCS  because  a  security  classification  question  was  unresolved  at  the  time  the 
Proceedings  went  to  print. 
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Initially,  platinum  foil  lined  electrodes 
were  pressed  onto  the  sample  to  accomplish 
electrical  contact.  More  efficient  electrical 
contact  could  be  achieved  by  vapor  depositing  a 
thickness  of  200  angstroms  chrome  followed  by  60 
angstroms  chrome-gold  mixture  and  finally  700 
angstroms  gold  onto  the  sawn  Z-surfaces.  The  vapor 
deposition  was  performed  in  a  cryopumped  ultrahigh 
vacuum  system.  Gold  ribbon  lead-in  wires  were 
thermocompression  bonded  to  a  small  area  on  the 
electrodes  which  had  received  an  additional  lO^m 
thick  gold  electroplating.  The  furnace  was 
programmed  to  raise  the  sample  temperature  to  500 
deg  C  at  a  rate  of  20  deg/hr.  Once  the  sweeping 
temperature  was  reached,  an  electric  field  was 
applied  parallel  to  the  Z-axis.  The  field  was 
applied  either  fully  or  in  steps,  but  was  kept 
constant  at  some  final  value  throughout  the  run. 
Once  the  current  density  levelled  off,  the  furnace 
was  programmed  to  lower  the  temperature,  at  a  rate 
of  20  deg/hr,  to  25  deg  C.  The  field  was 

maintained  during  the  cooldown  period. 

Both  treated  and  untreated  samples  were 
analyzed  using  secondary  ion  mass  spectrometry 
(SIMS).*  Although  SIMS  is  a  surface  sputter- 
erosion  process,  the  material  removal  rate  can  be 
increased  enabling  analysis  at  depths  below  the 
surface,  i.e.,  depth  profiles  are  recorded. 
Analysis  can  be  performed  on  square  areas  with 
sides  of  only  400  jjm.  SIMS  analysis  is  very  useful 
for  the  evaluation  of  high  purity  quartz  because  it 
offers:  1)  very  high  sensitivities  (ppb  range), 

2)  depth  profiling,  3)  0.5  mm  spatial 

resolution,  and  4)  detection  of  all  elements. 

I* -ray  irradiations  were  carried  out  using 
the  ®^Co  source  at  Fort  Monmouth.  Color-center 
absorption  measurements  were  made  with  a  Cary-14 
spectrophotometer.  A  special  arrangement  for 
linear  translation  of  samples  was  incorporated 
using  a  stepper  motor  driven  stage. 


Results  and  Discussion 


Sweeping  Data 

Using  samples  cut  from  the  same  quartz  bars, 
it  was  found  that  initial  resistivities'*’  were 
higher  for  platinium  foil  lined  pressure  electrodes 
than  for  the  vapor  deposited  chrome-gold 
electrodes.  Further,  the  resistivity  increased  by 
only  a  factor  of  5  over  a  120  hour  sweeping 
period.  By  contrast,  samples  with  chrome-gold 
vapor  deposited  electrodes  had  lower  initial 
resistivities  but  the  resistivity  sometimes 
increased  by  a  factor  of  lO**  in  only  48  hours  of 
sweeping. 


*SIMS  analysis  was  performed  by  ATOMIKA,  Inc., 
Inglewood,  CA. 

+The  bulk  resistivity  of  quartz,  obtained  by 
dividing  the  field  by  the  current  density. 


The  final  stabilized  current  density  has  been 
attributed  to  the  sweeping  of  protons  (H'*')  through 
the  lattice,  whereas  the  large  initial  current 
density,  which  decreases  very  rapidly,  is  most 
likely  due  to  the  sweeping  of  high  mobility  alkali 
ions.  The  much  less  rapid  mid-range  current 
density  decrease  is  probably  the  sweeping  action  of 
low  mobility  interstitial  ions  such  as  Ca^'*'.  It  is 
proposed  that  sweeping  can  be  considered  complete 
for  a  particular  field-temperature  setting  when  a 
long-term  stabilized  current  density  is  reached  or, 
as  discussed  later,  when  the  resistivity  levels 
off.  In  Figs  3,4,5  and  6  plots  of  current  density 
as  a  function  of  time  are  shown  for  sweeping  runs 
on  quartz  from  3  different  suppliers  (the  suppliers 
are  coded  A,B  and  C). 


CURRENT  DENSITY  VS  TIME 
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Fig  3.  Sweeping  Current  Density  vs  Time. 
The  Individual  Plots  are  in  Time  Sequence 
and  Represent  a  Change  in  Field  Followed 
by  a  Change  in  Current  Scale. 
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Fig  4.  Sweeping  Current  Density  vs  Time. 

The  Individual  Plots  are  in  Time  Sequence  and 
Represent  Two  Changes  in  Field  Followed  by  a 
Change  in  Current  Scale. 
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CURRENT  DENSITY  <fjA/CU 


TEMPERATUREt  500  C 
FIELDi  iOOO  V/CM 

CURRENT  density  VS  TIME  SOURCEi  SAMPLE  C-21 

AuPHA04  10>  -Q.  153CM 


Fig  5.  Sweeping  Current  Density  vs  Time. 

The  Individual  Plots  are  in  Time  Sequence  and 
Represent  Three  Changes  in  Current  Scale. 
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FIELOt  lOOQ  V/'CM 

CURRENT  DENSITY  VS  TIME  SOURCEi SAMPLE  C-28 

ALPHA  0410)  -O.  OSTCM' 


TIME- 

Fig  6.  Sweeping  Current  Density  vs  Time.  The 
Individual  Plots  are  in  Time  Sequence  and 
Represent  Two  Changes  in  Current  Scale. 


In  each  figure  the  sequential  plots  are 
indicative  of  either  a  change  in  scale  or  a  step-up 
in  applied  field.  The  sweeping  run  depicted  in  Fig 
3  shows  that  the  field  was  stepped  up  once  after  6 
hours  and  the  current  density  scale  was  changed 
after  21  hours.  Final  current  stabilization 
occured  after  48  hours.  In  Fig  4,  the  field  was 
stepped  up  twice,  at  2  hours  and  again  at  5 

hours.  There  was  a  change  in  scale  at  21  hours  and 
the  current  stabilized  after  approximately  53 
hours.  In  Figs  5  and  6,  the  field  was  turned  on 

fully  from  the  start  but  there  were  changes  in 

scale  throughout  the  runs.  In  these  runs  the 
samples  were  cut  from  different  bars  from  the  same 
supplier.  Note  in  Fig  5,  the  initial  current 
density  is  higher  than  in  Fig  6  by  an  order  of 

magnitude  and  the  time  to  current  stabilization  is 
longer.  Note  also  the  differences  in  absorption 
coefficient  at  3410  cm**. 


In  Figs  7,8,9  and  10 
resistivity  vs,  transported  charge  are  plotted  in 
order  to  determine  the  number  density  of  swept  ions 
when  the  resistivity  stabilized^. 


SAMPLE  A-4B 


TRANSPORTED  CHARGE  ICOULDMBS) 

Fig  7.  Resistivity  vs.  Transported  Charge. 
The  Ratio  of  Final  Resistivity  to  Initial 
Resistivity  was  10^. 


transported  charge  (COULOMBS) 


Fig  8.  Resistivity  vs.  Transported  Charge. 
The  Ratio  of  Final  Resistivity  to  Initial 
Resistivity  was  w  500. 


QAMPi  r  r-7 1 


transported  charge  (COULOMBS) 

Fig  9.  Resistivity  vs.  Transported  Charge. 
The  Ratio  of  Final  Resistivity  to  Initial 
Resistivity  was  /v  250. 
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TRANSPORTED  CHARGE  (CQULQMas) 

Fig  10.  Resistivity  vs.  Transported  Charge. 
The  Ratio  of  Final  Resistivity  to  Initial 
Resistivity  was  rvrf  20. 


Table  I  summarizes  the  data  obtained  from  Figs 
3-10,  and  shows  that  there  is  variability  in 
starting  material  resistivity  which  is  inversely 
related  to  the  time  required  to  sweep  to  a 
stabilized  resistivity  in  the  lO^^-lO^l  ohm-cm 
region.  The  number  density  of  "singly  charged" 
ions  swept  shows  variability  among  supplier  and 
even  a  greater  difference  between  the  C-21  and  C-28 
bars. 
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Small  areas  of  coloration  were  evident  in  the 
C  material  after  sweeping  and  before  irradiation. 
No  coloration  could  be  detected  in  either  A  or  8 
bars  after  swe^ing  or  after  irradiation  with  up  to 
7.6  Mrad  °'Co(j).  AT-cut  wafers  were  removed  from 
the  bars  and  etched  in  ammonium  bifluoride  for  2 
hours  at  75“C.  No  etch  channels  could  be  found  in 
any  of  the  wafers.  Prolonged  etching  for  17  hours 
also  produced  no  etch  channels.  AT-cut  wafers  from 
unswept  control  bars  always  contained  at  least  100 
channel s/cm^.  After  fabrication  of  AT-cut 
resonators,  etching  of  the  polished  blanks  made  of 
swept  quartz  revealed  extremely  small  diameter 
channels  with  a  density  of  5  cm'S  The  channel 
diameters  appeared  to  be  much  smaller  than  the 
channels  typically  observed  in  unswept  blanks 
etched  the  same  amount. 


SIMS  RESULTS  (electrode  areas) 

Both  treated  and  untreated  samples  from  an  "A" 
bar  swept  using  platinum  foil  pressure  electrodes, 
were  analyzed  by  the  SIMS  method.  Elements 
analyzed  included  Na,  Li,  A1  ,  Fe,  Cr,  Cu  and  Ca. 
Depth  profiling  of  each  element  on  both  anode  and 
cathode  side  was  also  recorded.  The  data  for  each 
impurity  is  plotted  in  Figs  11-17  showing  the  depth 
profiling  under  both  electrodes.  Each  figure 
contains  four  depth  profiles  in  order  to  compare 
concentrations  of  swept  and  unswept  samples  before 
and  after  irradiation  (with  3.7  X  10°  Rad  (Si)). 


In  comparing  the  concentrations  of  swept  and 
unswept  samples  on  the  cathode  sides,  which  were 
the  sides  adjacent  to  the  seed,  steeper  increases 
and  higher  levels  of  concentration  were  recorded 
for  all  impurities,  with  the  possible  exception  of 
the  low  mobility  Ca^'*'  ion.  This  suggests  that 
sweeping  is  responsible  for  the  movement  of  the 
principal  quartz  impurities  A1  and  Fe,  which  were 
probably  interstitial,  as  well  as  the  alkali 
metals.  The  sweeping  of  A1  is  not  as  clear  cut  as 
the  sweeping  of  Fe  when  comparing  concentrations  on 
anode  and  cathode  sides.  The  sweeping  of  Fe  may  be 
related  to  the  reduction  in  etch  channels  since 
quartz  grown  in  silver  lined  autoclaves  having  low 
Fe  content  shows  low  etch  channel  densities^. 


SODIUM  IMPURITY  DEPTH  PROFILE 
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Fig  11.  SIMS  Depth  Profile  for  Sodium 
Comparing  Unswept  to  Swept  Before  and  After 
Irradiation  Under  Each  Electrode. 
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LITHIUM  IMPURITY  DEPTH  PROFILE 
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2.  SIMS  Depth  Profile  for  Lithium 


ALUMINUM  IMPURITY  DEPTH  PROFILE 
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Fig  14.  SIMS  Depth  Profile  for  Iron 

CHROMIUM  IMPURITY  DEPTH  PROFILE 
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g  13.  SIMS  Depth  Profile  for  Aluminum 


Fig  15.  SIMS  Depth  Profile  for  Chromium 
Without  Concentration  Calibration. 
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Fig  16.  SIMS  Depth  Profile  for  Copper  Without 
Concentration  Calibration. 


CALCIUM  IMPURITY  DEPTH  PROFILE 

B.Por.  Irradiation  * 

After  Irradiation  o 


There  is  a  small  increase  in  concentration  at 
the  side  closest  to  the  seed  after  irradiation  for 
the  impurities  Na,  Li,  A1  and  Ca  in  the  unswept 
samples.  Also,  large  decreases  at  the  side  away 
from  the  seed  are  evident  for  these  impurities. 
These  concentration  decreases  are  not  found  for  Fe, 
Cr  and  Cu  (Fig  14,  15  and  16),  nor  are  large 

decreases  evident  for  any  impurity  in  the  swept 
sample.  The  increase  in  impurity  level  near  the 
seed  interface  and  decrease  on  the  side  away  from 
the  seed  for  the  irradiated  unswept  sample  could  be 
the  result  of  a  higher  density  of  defects  near  the 
seed,  which  act  as  trapping  centers  for  diffusing 
ions.  The  concentration  levels  of  Fe,  Cr  and  Cu 
are  considerably  below  that  of  the  other  ions,  and 
if  the  fewer  trapping  centers  on  the  side  away  from 
the  seed  were  not  filled,  there  would  be  little 
directional  preference  observed.  After  sweeping, 
the  picture  changes  markedly,  probably  through 
modification  or  reduction  in  the  number  of  defect 
sites.  The  reduction  of  etch  channels  in  swept 
quartz  reinforces  this  assumption.  High  mobility 
of  interstitial  sodium  was  found  by  Halliburton^ 
even  at  temperatures  .as  low  as  77  deg  K  under  a 
radiation  field.  Our  samples  were  irradiated  for 
28  hours  at  37  rad/sec  at  25  deg  C.  Also, 
Chentsova°  found  that  an  increase  in  activation 
energy  for  conduction  in  quartz  similar  to  that 
found  during  sweeping  in  air  is  achieved  by 
/-irradiation  of  quartz.  He  explained  the  increase 
in  activation  energy  as  the  result  of  formation  of 
hole  centers  during  irradiation  accompanied  by 
radiation  stimulated  diffusion  of  alkali  ions  to 
trapping  centers  due  to  electrons  ejected  by  the 
radiation. 

SIMS  and  Color  Center  Absorption  (along  Z) 
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Fig  17.  SIMS  Depth  Profile  for  Calcium 
Without  Concentration  Calibration. 
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Z-growth  cultured  quartz  usually  has  a 
variable  growth  irregularity  described  as  "breath¬ 
ing  of  crystal  growth".  This  growth  fluctuation  is 
associated  with  periodic  changes  in  crystal 
temperature  and  solute  deposition  which  are 
mutually  interacting.  After  irradiation,  these 
areas  are  decorated  by  room  temperature  stable 
color-centers  forming  visible  striae  oriented 
parallel  to  the  growth  (Z)  surface.  The  presence 
of  color-centers  has  been  related  to  resonator 
frequency  offsets  in  quartz^’^.  Color-center 
absorption  variations  (striae)  are  easily  recorded 
by  translating  a  sample,  dimensioned  as  described 
in  the  experimental  section,  in  the  Z-direction 
with  the  striae  oriented  parallel  to  the 
spectrometer  slit,  the  probe  beam  in  the  X- 
direction  with  polarization  parallel  to  Z  and 
wavelength  fixed  at  460  nm.  The  solid  curves  in 
Fig  18  refer  to  the  transmission  at  460  nm  for  both 
swept  and  unswept  samples.  The  striae  appear  in 
unswept  material  but  are  not  usually  visible  in 
swept  bars  of  high  purity  quartz.  SIMS  analysis 
was  carried  out  for  all  impurities  mentioned  above 
at  specific  points  along  the  Z-axis  as  indicated  in 
Fig  18. 
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distance  (mm,  z-direction) 


Fig  18.  Spatially  Scanned  Transmission 
(left  vertical  scale)  and  SIMS  Analysis 
(right  vertical  scale)  of  Aluminum  and  Sodium. 
Distance  is  Measured  from  the  Seed  Interface. 


Only  the  sodium  concentration  showed  strong 
correlation  with  the  density  of  color-center 

absorption.  Aluminium  levels  are  also  plotted  for 

comparison.  It  was  suggested  that,  cations  in 

shallow  traps,  not  compensating  Al^'^  defects, 
contribute  to  steady  state  frequency  offset  and 
should  be  proportional  to  room  temperature  stable 
color-centers^.  The  SIMS  data  suggests  that  the 
presence  of  sodium  is  somehow  related  to  the 

coloration  in  agreement  with  Kats^,  Leitz'  and 
Lell°.  The  lithium  content  showed  much  weaker 
correlation  with  this  coloration. 

Radiation  Induced  Steady  State  Frequency  Shifts 

Twenty  resonators  were  fabricated  from  two 
swept  bars,  ten  from  the  A-48  sample  and  ten  from 
the  8-30  sample.  The  resonators  were  5  MHz,  3rd 

overtone,  AT-cuts  with  14  mm  blank  diameters, 
bonded  with  silver  filled  polyimide  and  cold-weld 
sealed  in  HC-36  enclosures. 

For  each  resonator,  the  frequency  at  a 
reference  temperature  was  determined  by  performing 
a  frequency  vs.  temperature  measurement  in  a 
transmission  type  (  IT  -network)  system.  The 
reproducibility  of  measurements  was  determined 
by  disconnecting  each  resonator  from  its  -network, 
then  reconnecting  and  remeasuring  the  reference 
frequencies  without  any  irradiation  between 
measurements.  The  average  reproducibility  was 
5.6  X  10*8;  the  standard  deviation  was  5.8  X  lO'®, 
and  the  maximum  frequency  deviation  (for  the  20 
resonators)  was  18.5  X  10"8.  As  an  additional 
check  on  the  reproducibility,  one  resonator  from 
each  group  was  not  irradiated  but  kept  as  a  control 
sample  and  was  measured  each  time  with  the 
irradiated  samples.  The  elapsed  time  between 
successive  measurements  of  each  resonator  ranged 
from  1  to  2  days. 


The  reference  frequencies  were  remeasured 
by  the  same  method  after  a  radiation  dose  of  0.76 
Mrad,  then  again  after  an  additional  dose  of  6.84 
Mrad.  (The  frequency  resolution  of  the  .'^leasu remen t 
technique  did  not  permit  the  evaluation  of  radiation 
hardness  at  low  dose  levels).  The  irradiation 
was  performed  with  a  source,  at  a  rate  of 
540  rad/sec. 


Although  the  two  bars  that  were  used  in  this 
experiment  were  obtained  from  two  different 
suppliers,  no  significant  differences  in  radiation 
hardness  were  noticeable  between  the  two  groups 
of  resonators.  For  both  groups,  the  magnitudes 
of  the  radiation  induced  frequency  shifts  were 
comparable  to  the  reproducibility  of  measurements. 
The  group  A  resonators  did  have  a  significantly 
higher  average  resonator  Q.  The  average  Q  was 
1.5  X  10®  for  group  A  and  1.1  X  10®  for  group  B. 


Conclusions 


1.  Vapor-deposited  electrodes  allow  shorter 
sweeping  times  to  achieve  high  resistivity  levels. 

2.  The  stabilized  resistivity  as  a  function  of 
transported  charge  is  one  candidate  to  determine 
when  sweeping  is  complete  for  particular  (fixed) 
electric  field/temperature  levels. 

3.  Initial  resistivity  and/or  total  transported 
charge  to  a  stabilized  resistivity  are  probably 
convenient  measures  of  the  purity  of  an  unswept 
sample.  The  final  resistivity  is  an  indicator  of 
the  purity  of  the  swept  sample. 

4.  SIMS  analysis  showed  that:  A)  several 
different  species  of  interstitial  cations  are 
swept.  8)  color-center  absorption  can  be  related 
to  an  increase  in  Na  content  in  the  sample,  and 
C)  radiation  stimulated  diffusion  of  interstitial 
cations  and  the  trapping  of  these  ions  at  areas  of 
high  defect  density  was  likely, 

5.  Air  sweeping,  when  properly  dune,  is  capable  of 
producing  near  etch-channel-free  quartz. 
(Previously,  only  vacuum  swept  quartz  has  been 
reported  to  be  free  of  etch  channels^.)  Etch 
channel  density  is  another  candidate  for  a 
completeness  of  sweeping  measure. 
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COMPUTER  CONTFOLLED  QUARTZ 
ELECTRODIFFUSION  [SWEEPING)  WITH  REAL  TIME 
DATA  COLLECTION  * 

by  William  P.  Hanson 
Piezo  Crystal  Company 
Carlisle,  PA  17013 


INTRODUCTION 

Quartz  electrodiffusion  [sweeping]  is  a  process  de¬ 
signed  to  minimize  the  frequency  shift  of  a  resonator 
which  IS  subjected  to  radiation.  The  electrodiffusion  pro¬ 
cess  generally  lasts  7  to  1 5  days,  making  data  collection 
difficult.  Computerizing  the  sweeping  process  provides  a 
method  to  monitor  the  electrodiffusion  process  on  a 
twenty  four  hour  basis  and  analyze  data  in  real  time.  The 
electric  field,  oven  temperature  and  data  collection  are 
controlled  by  computer.  Real  time  data  analysis  provides 
the  current  density,  conductance,  and  Coulomb  transfer 
rates.  Natural  quartz,  premium  Q  pure  2  quartz,  and  elec¬ 
tronic  grade  quartz  have  been  swept  in  air.  Resonators 
fabricated  from  premium  Q  pure  Z  cultured  quartz  swept 
by  Piezo  have  been  tested  for  frequency  shifts  due  to  rra- 
diabon. 

The  electrodiffusion  process  is  dependent  upon  many 
parameters.  Two  of  these  parameters  are  the  intensity  of 
the  electric  field  across  the  bar  and  the  temperature  of 
the  bar.  Two  classes  of  experiments  were  conducted  to 
examine  these  parameters.  Each  class  isolated  one  pa¬ 
rameter  from  the  other.  The  first  held  the  electric  field 
constant  while  the  temperature  was  increased  linearly. 
This  experiment  examined  current  density  as  a  function  of 
temperature.  The  second  class  held  the  temperature  con¬ 
stant  while  the  electric  field  was  increased  linearly.  This 
experiment  examined  current  density  as  a  function  of  elec¬ 
tric  field  intensity. 


ELECTRODIFFUSION  SETUP 
The  electrodiffusion  setup  is  portrayed  in  figure  one.  An 
HP-85A  computer  controls  the  Bertan  high  voltage  power 


FIGURE  1 
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supply  and  HP  DMM.  The  HP-85A  computer  ubiizes  two 
different  types  of  computer  interfaces.  The  GPIO  inter¬ 
face  controls  the  Bertan  high  voltage  power  supply.  The 
GPIO  interface  is  a  1 6  bit  binary  interface,  allowing  50mV 
increments  in  the  electric  field.  The  IEEE-488  [HB-IB]  in¬ 
terface  controls  the  HP-3438A  DMM,  which  is  set  up  to 
meesure  the  current  passing  through  the  quartz  bar  on 
the  ground  side.  The  u-DATA  TF1AC  controls  the  BLUE-M 
oven 

The  Z-faces  of  the  quartz  bars  were  optically  polished  to 
aid  in  the  inspection  for  inclusions,  microscopic  cracks, 
and  other  physical  imperfections.  F'hysical  imperfections 
could  inhibit  the  electrodiffusion  process  by  blocking  the 
Z-channels  in  the  quartz  bar  Inclusions  and  cracks  could 
also  be  places  where  impurities  are  concentrated.  Electn- 
cal  contact  to  both  Z-faces  was  made  with  2  mil  thick 
platinum  foil.  The  platinum  foil  was  attached  to  stainless 
steel  blocks  by  pressure  contacts  Electrical  connections 
to  the  stainless  steel  blocks  were  made  with  platinum 
wires  insulated  with  Vycor'  glass  tubing. 

The  computer  program  running  on  the  HP-85A  is  inter¬ 
rupt  driven.  Real  time  data  analysis  routines  run  continu¬ 
ously.  The  interrupt  routines  control  data  collecbon  and 
the  intensity  of  the  electnc  field.  Data  analysis  includes  cal- 
cUations  of  current  density,  conductance/cm,  and  the 
Coulomb  transfer  rate  Some  program  variables  can  be 
changed  during  the  sweeping  run.  The  intensity  of  the  elec¬ 
tric  field  can  be  adjusted  up  or  down  to  within  the  limits  of 
the  power  supply  The  electric  field  ramp  time  can  also  be 
adjusted.  The  ramp  time  determines  the  incremental 
changes  in  the  electric  field  The  bme  between  data  points 
can  be  adjusted  with  one  minute  being  typical.  Intervals 
down  to  .3  seconds  are  possible 

DATA  ANALYSIS 

Two  fundamental  classes  of  experiments  were  con¬ 
ducted  The  first  class  examined  the  effect  of  tempera¬ 
ture  on  the  electrodiffusion  process  Bar  S001 ,  a  cul¬ 
tured  premium  Q  pure  Z  'SC  bar,  is  a  member  of  the  first 
class  of  experiments  Figure  2  is  a  profile  of  the  tempera¬ 
ture  and  electric  field  intensity  during  the  sweeping  run  of 
bar  S001 

FIGURE  2 


*  This  paper  was  presented  at  the  37th  Annual  Frequency  Control  Symposium  (AFCS),  The  paper  was  not  published 
in  the  Proceedings  of  the  37th  AFCS  because  a  security  classification  question  was  unresolved  at  the  time  the 
Proceedings  went  to  print. 
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FIGURE  3 
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Figures  9  and  3  have  the  same  time  axis.  During  the 
period  when  the  temperature  increased  linearly  the  cur¬ 
rent  density  increased  exponendally,  as  expected.  Electro- 
diffusion  occurred  during  this  period:  however,  the  pro¬ 
cess  was  masked  by  current  density  increase  due  to 
temperature  rise.  The  temperature  stopped  increasing  at 
the  40  hour  mark,  stabilizing  at  500  degrees  C.  At  this 
point  the  eleotrodiffusion  process  becomes  clearly  evi¬ 
dent.  The  current  density  begins  to  decrease  exponen¬ 
tially,  mostly  because  the  density  of  migrating  ions  in  the 
bar  IS  decreasing  In  addition,  some  Z-channels  become 
blocked,  halting  the  migration  of  ions  down  that  channel 
thereby  further  reducing  the  current  density. 

OHMICITY  TEST 

After  172  hours  of  sweeping  the  electric  field  was  de¬ 
creased  to  0  volts/cm  to  begin  an  ohmicity  test.  An  ohmic- 
ity  test  examines  the  relationship  between  the  current 
density  and  the  electric  field.  If  the  electrodiffusion  pro¬ 
cess  has  stopped  the  current  density  will  vary  linearly  with 
the  electric  field.  Figure  4  is  a  profile  of  the  electric  field 
intensity  arxj  temperature  during  the  ohmicity  test  of  bar 
S0Q1 .  Figure  5  shows  the  data  collected  during  the 
ohmicity  test. 

FIGUFIE  4  c*  wjitwcm 
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FIGURE  5 


The  ohmicity  test  for  bar  S001  shows  a  nearly  linear 
relationship  between  the  current  density  and  the  electric 
field;  however,  it  is  slightly  exponenbal.  The  conductance  of 
the  bar  is  also  important.  In  order  to  compare  data  fron, 
different  size  bars  the  volume  is  included  in  the  calculation 
giving  us  units  of  conductance/cm  instead  of  conductance 


conductance/cm  = 


Amps 

volume  [cm’) 


/electric  field 


Figure  B  is  a  graph  of  the  conductance/cm  for 
bar  S001 .  The  data  was  taken  dunng  the  ohmicity  test 
The  bme  axis  is  the  same  as  figures  4  and  5  Like  the 
ohmicity  test,  the  conductance/cm  shows  the  electrodif 
fussion  process  is  continuing  If  the  electrodiffuson  pro¬ 
cess  was  completed  it  is  predicted  the  conductance/cm 
would  be  constant  over  a  varying  electric  field 


FIGURE  6 
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THE  SECOND  CLASS  OF  EXPERIMENTS 
Bar  ADDS  is  a  member  of  the  second  class  of  experi¬ 
ments  The  second  class  of  experiments  examined  the  ef¬ 
fect  of  an  electric  field  on  the  electrodiffusion  process.  The 
temperature  was  held  constant  while  the  electric  field  was 
increased  linearly.  Figure  7  is  a  profile  of  the  electric  field 
and  temperature  throughout  the  sweeping  run  of 
bar  ADOS.  Bar  ADDS  is  an  electronic  grade  'AT'  bar.  Fig¬ 
ure  8  IS  a  graph  of  the  current  density  data  collected  dur¬ 
ing  the  sweeping  run 

FIGURE  7 
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Interestingly,  the  current  density  data  from  the  second 
class  of  experiments  does  not  look  like  the  data  from  the 
first  class.  The  current  density  increases  rapidly  during 
the  first  few  hours,  and  then  decreases  for  nearly  1 2 
hours.  The  current  density  does  not  always  reach  a  maxi¬ 
mum  when  the  electric  field  reaches  a  maximum  All  bars 
tested  so  far  from  the  second  class  of  experiments 
reached  at  least  90%  of  the  maximum  current  density 
during  the  first  few  hours  The  current  density  decreased 
after  the  electric  field  reached  a  maximum  The  decrease, 
however  looks  less  exponential  than  the  first  class  of  ex¬ 
periments.  The  reasons  for  this  difference  between  the 
two  classes  are  unclear 
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OHMICITY  TEST 

The  etectrodtffusion  process  continued  for  1 00  hours 
after  the  electric  field  peaked  at  1000  volts/cm.  An 
ohmcity  test  was  conducted  at  this  point.  The  electric 
field  was  reduced  to  0  volts/cm  and  then  raised  over  a  1 8 
hour  period  to  8000  volts/cm.  Figure  9  is  a  graph  of  the 
electnc  field  intensity  and  temperature  during  the  time  of 
the  ohmcity  test.  Figure  1 0  is  a  graph  of  the  current  den¬ 
sity  data  collected  during  the  ohmicity  test  of  bar  A005 
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The  current  density  is  again  nearly  linear;  however,  the 
electrodiffusion  process  is  continuing.  The  electnc  field 
was  held  constant  for  three  hours  after  the  ohmicity  test. 
Figure  1 0  shows  a  slight  decrease  in  the  current  density 
after  the  electee  field  stabilized  at  8000  volts/cm.  Fig¬ 
ure  1 1  IS  a  graph  of  the  conductance/cm  during  the 
ohmcity  test  The  conductance  is  nearly  a  constant  over 
the  electric  field  range  tested,  however,  the  electrodiffu- 
son  process  is  still  continuing  after  ‘'nurs 

FIGURE  1 1 


I '/cm)  E-9  va  Tima 
4  Bar  iO  coda  A005 


LOWER  TEMPERATURE  ELECTRODIFFUStON 
Bar  A001  is  a  cultured  premium  Q  pure  Z  'AT'  bar.  This 
bar  was  swept  like  the  first  class  of  experiments  except 

FIGURE  18 
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the  temperature  was  set  at  460  degrees  C  instead  of 
500  degrees  C  to  study  the  effect  of  temperature  on  the 
completeness  of  the  electrodiffusion  process.  Figure  1 8  is 
a  graph  of  the  etectre  field  and  temperature  during  the 
sweeping  run.  There  was  no  current  detected  during  the 
first  84  hour  period.  Figure  1 3  is  a  graph  of  the  current 
density  dumg  the  sweeping  run. 

Like  the  other  class  one  experiments  the  current  derv 
sity  peaked  at  the  same  time  the  temperature  reached 
a  maximum  The  current  density  dropped  off  exponen¬ 
tially  after  the  temperature  stabilized  at  4B0  degrees  C, 
and  after  884  hours  the  current  density  stabilized  at 
09>iA/sqr.  cm 


OHMICfTY  TEST  FOR  LOWER 
TEMPERATURE  BAR 

The  ohmicity  test  for  bar  A001  was  conducted  after 
884  hours  of  sweeping.  Figure  1 4  is  a  graph  of  the  tem¬ 
perature  and  electnc  field  dunng  the  ohmicity  test.  Fig¬ 
ure  1 5  IS  a  graph  of  the  current  density  during  the  ohmic¬ 
ity  test.  The  current  density  increased  exponentially  dumg 
the  ohmicity  test.  In  comparison,  both  of  the  previous 
ohmcity  tests  showed  nearly  a  linear  relationship  between 
the  current  density  and  electnc  field  The  increase  in  tem¬ 
perature  from  460  degrees  C  to  500  degrees  C  un¬ 
proved  the  linear  relationship  between  current  density  and 
electnc  field. 
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Figure  1 6  is  a  graph  of  the  conductance/cm  during  the 
ohmcity  test  of  bar  A001 .  Like  the  current  density  graph 
the  conductance/cm  increases  exponentially  with  increas¬ 
ing  electnc  field  intensity  showing  the  ncompleteness  of 
sweeping 
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NATURAL  QUARTZ  ELECTRODIFFUSION 
Bar  SQ04  is  a  'SC  natural  quartz  bar  This  bar  was 
swept  as  part  of  the  second  class  of  experiments  and  is 
presented  as  an  example  of  natural  quartz  electrodiffu- 
swn.  Figure  1 7  is  a  graph  of  the  electric  field  and  tempera¬ 
ture  during  the  sweeping  of  bar  S004  Figure  18  is  a 
graph  of  the  current  density  data  collected  during  the 
sweeping  run  Part  of  the  cooling  down  of  the  oven  has 
been  included  in  this  data.  The  current  density  decreases 
exponentially  during  the  cooling  cycle  of  the  oven.  The  cur¬ 
rent  density  data  is  presented  in  figure  18.  The  current 
density  increased  rapidly  during  the  first  few  hours  similar 
to  the  class  two  experiments.  The  current  density  de¬ 
creased  some  after  the  72  hour  mark;  however,  the  de¬ 
crease  is  not  significant 
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The  conductance/cm  data  is  compared  to  current  den¬ 
sity  data  for  each  class  of  experiments  m  Figures  19 
through  82.  The  first  two  Figures  show  the  data  for  bar 
S001 .  Both  graphs  look  very  similar.  This  data  is  from  the 
first  class  of  experiments  which  raised  the  temperature 
white  the  electric  field  was  held  constant.  Figures  21  and 
28  show  a  very  different  situation.  This  set  of  data  is  from 
bar  A005  a  member  of  the  second  class  of  experiments, 
showing  a  very  smooth  exponential  decrease  in 
conductance/cm 
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IRRADIATION  OF  RESONATORS  BUILT 
FROM  PIEZO  SWEPT  QUARTZ 
Resonators  fabricated  from  Piezo  swept  quartz  were 
irradiated  two  different  times.  Cobolt  60  was  used  as  a 
source  of  gamma  radiation  The  first  irradiation  was 
1  megarad  The  data  is  summarized  below 

PIEZO  CRYSTAL  COMPANY 

ELECTRODIFFUSION  DATA— BAR  AOCS 
BAR  DATA 

Quartz  RIGHT-HANDED  PREMIUM  Q  PURE  Z 
Volume:  33  49  CUBIC  CM 
Z-Area  21  75  CM 
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ELECTRODIFFUSION  CONTROL  PARAMETERS  ELECTRODIFFUSION  DATA 

Temp:  500  DEGREES  C  Current  Density  at  1 02  Hours:  .1 1  jiA/Square  cm 

Time:  102  HOURS 

Electric  Field:  1 000  VOLTS/CM 


RADIATION  HARDNESS  DATA 


RADIATED  WITH  1  MILLION  RADS 

CRYSTAL:  10  MHZ  3RD  OVERTONE  AT 

S/N 

TURNOVER 

INITIAL  FREQUENCY 

FREQUENCY  ARER1  MRAD 

DELTA  F/RAD 

1 

71  C 

9,999,989.0  Hz 

9,999,989.3  Hz 

-i-S  OE-14 

3 

70  C 

9,999,960.7  Hz 

9,999,959  8  Hz 

-9.0E-14 

4 

65  C 

9.999,991.0  Hz 

9,999,992.5  Hz 

+  1.5E-13 

5 

65  C 

10,000,006.3  Hz 

10,000,007.2  Hz 

+  9.0E-13 

6 

68  C 

9,999,979.1  Hz 

9,999,979.1  Hz 

-t-O.OE-SS 

7 

68  C 

9,999,971.9  Hz 

9,999,973.8  Hz 

-t-I.BE-IS 

9 

68  C 

9,999,977.8  Hz 

9,999,980.2  Hz 

+  2.4E-13 

10 

70  C 

9,999,928.9  Hz 

9,999,931  9  Hz 

+  3.0E-13 

11 

68  C 

9.999,942.7  Hz 

BROKEN 

N/A 

MEAN  OF  ABSOLUTE  VALUES  +  1 .4E-1 3/RAD 

CONTROL  GROUP— UNIRRADIATED 

2 

67  C 

9,999,964.4  Hz 

9,999,965.1  Hz 

-^7.0E-14 

8 

69  C 

9.999,960.7  Hz 

9,999,960.8  Hz 

+  1.0E-14 

MEAN  OF  ABSOLUTE  VALUES  -t-A.OE-IA 

A  linear  model  for  the  change  in  frequency  due  to  irradh 
ation  has  been  assumed.  The  frequency  change  at  low  lev¬ 
els  of  Irradiation  may  be  significant.  A  more  complete  set 
of  data  needs  to  be  taken  in  order  to  define  the  changes  in 
frequency  during  irradiation.  The  same  crystals  were  irra¬ 
diated  agam  with  9  more  megarads.  The  change  in  fre¬ 
quency  due  to  the  last  nine  megarads  of  gamma  radiation 
was  undetectable.  The  control  group  and  the  irradiated 
group  changed  frequency  2.5x10  7Rad  and  2.1  x  1 0  V 
Rad  respectively.  The  resolution  of  the  measurements  is 
only  2  X  10  7 

CONCLUSIONS 

The  current  density  increases  exponenbally  with  tem¬ 
perature.  The  first  class  of  experiments  shows  this  nse 
effectively.  The  converse  is  also  true.  The  current  density 
decreases  exponentially  with  decreasing  temperature,  as 
was  shown  m  the  cooling  down  of  bar  S004. 

The  current  flow  as  a  function  of  electric  field  ap¬ 
proaches  an  ohmic  condition  with  bme.  The  ohmicity  test 
indicated  the  linear  relationship  between  electric  field  and 
current  density  at  the  end  of  the  sweep»Tg  ruis.  Both 
classes  of  experiments  reached  nearly  the  same  degree 
of  linearity  after  approximately  1 70  hours,  with  the  excep¬ 
tion  of  the  bar  which  was  swept  at  460  degrees  C. 

The  higher  the  temperature  the  more  quickly  the  rela¬ 
tionship  between  electric  field  intensity  and  temperature 
approaches  a  linear  relationship  The  limiting  temperature 
IS  the  alpha-beta  turning  point  arouno  573  degrees  C. 


F>ROFOSALS 

1 .  Define  an  acceptable  test  for  radiation  hardness  in 
order  to  compare  different  processing  techniques. 

2.  Identify  the  electrical  conditions  which  signal  the 
pant  when  the  electrodiffusion  process  has  reached  an 
acceptable  level  of  radiation  hardness. 

3.  Measure  the  ohmicity  of  the  quartz  during  the 
sweeping  process  and  use  it  as  one  of  the  identifying  condi¬ 
tions  for  radiation  hardness. 
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Abstract 

An  x-ray  irradiation  system  has  been  developed 
for  the  evaluation  of  the  total-dose  sensitivity  of 
quartz  resonators.  The  x-ray  radiation  response  of 
premium-Q,  swept  (PQS),  resonators  in  ceramic  flat- 
packs  was  compared  with  in-situ  cobalt-60  irradi¬ 
ations.  A  multi-frequency  ref lectometer  measurement 
system  incorporating  a  crystal  oven  with  an  x-ray 
window  was  used  simultaneously  to  measure  the  radia¬ 
tion  response  of  the  crystal  c-mode  frequency  and  a 
temperature-sensitive  frequency.  Excellent  correla¬ 
tion  between  x-ray  and  cobalt-60  irradiations  was 
obtained  in  both  the  deposited  dose  as  determined  by 
calorimetry  and  in  the  radiation-induced  frequency 
shifts  of  the  resonator  c-mode. 

These  correlation  studies  indicate  that  the 
ARACOR  Model  4100  X-ray  Irradiation  System  produces 
the  same  radiation  response  in  crystal  resonators  that 
are  obtained  with  in-situ  cobalt-60  irradiations. 
Combined  with  ref lectometer  measurements,  this  x-ray 
irradiation  method  provides  a  unique  capability  for 
quick  turnaround  radiation  characterization  at  the 
resonator  stage  of  fabrication.  Additional  advantages 
of  the  method  include  the  wide  range  of  dose  rates 
(0.01  to  300  rad/sec)  available  in  an  instrument  that 
can  be  utilized  in  a  production-testing  area. 

Key  Words: 

Quartz  crystal,  quartz  resonator,  SC-cut, 
radiation  sensitivity,  x  rays,  cobalt-60,  total-dose 
sensitivity,  ref lectometer. 

Introduction 

The  total-dose  radiation-induced  frequency  off¬ 
sets  of  precision  quartz  oscillators  are  important  in 
modern  communication,  navigation  and  radar  systems  for 
both  terrestrial  and  space  applications.  These  total- 
dose  radiation  effects  produced  primarily  in  the 
quartz  resonator  are  dependent  on  the  growth  and  pro¬ 
cessing  of  the  quartz  blank  as  well  as  the  processing 
used  to  package  the  crystal.  At  the  present  time,  no 
demonstrated  electrical  measurement  technique  has  been 
developed  to  evaluate  these  total-dose  effects  in 
quartz  resonators.  Therefore,  extensive  effort  and 
cost  must  be  expended  for  radiation  exposures  for 
screening  purposes  and  qualification  tests  of  reson¬ 
ators  intended  for  precision  timing  applications  in 
space  and  other  military  applications.  In  addition, 
military  applications  require  the  development  of 
resonators  that  exhibit  reduced  radiation-induced 
frequency  shifts.  These  development  programs  also  re¬ 
quire  extensive  resonator  radiation  characterization 
with  quick  turnaround  for  timely  feedback  for  process 
modifications.  The  standard  methods  for  radiation 
characterization  require  extensive  lead  time  and  are 
costly  because  oscillators  must  be  fabricated  and 
tesieu  ai  remote  radiation  locations  such  as  cobalt- 
60,  Van  de  Graaff,  flash  x-ray  or  linear  accelerator 

*  This  work  was  supported  by  the  U.S.  Army  Electronics 
Technology  and  Devices  Laboratory  under  Contract 
DAAB08-83-C-J006. 


facilities.  In  addition,  extensive  equipment  must  be 
transported  to  remote  locations,  since  the  oscillators 
must  be  instrumented  during  radiation  exposure. 

To  overcome  the  disadvantage  of  remote  total-dose 
radiation  testing  and  provide  quick-turnaround  radia¬ 
tion  characterization,  an  x-ray  irradiation  system  was 
developed  to  provide  a  uniform,  intense  and  character¬ 
ized  x-ray  beam.l  This  x-ray  system  was  successfully 
demonstrated  by  correlation  tests  with  cobalt-60  expo¬ 
sures  for  total-dose  testing  of  semiconductor  integra¬ 
ted  circuits  directly  at  the  wafer  stage  of  fabrica¬ 
tion. 2  Preliminary  analysis  indicated  that  similar 
x-ray  irradiation  can  be  implemented  for  in-situ  char¬ 
acterization  of  quartz  resonators  provided  a  suitable 
instrumentation  system  was  developed.  To  provide  the 
frequency  measurements  at  the  resonator  stage  of  fabri¬ 
cation  a  multichannel  ref lectometer^  measurement  sys¬ 
tems  was  utilized  with  a  specifically  designed  tempera¬ 
ture  chamber  adapted  with  an  x-ray  window.  In  this 
paper,  we  describe  the  x-ray  irradiation  system  as 
utilized  for  quartz  resonator  irradiations  including 
the  temperature  control  and  frequency  measurement 
instrumentation.  In  addition,  x-ray  deposition  calcu¬ 
lations  for  various  quartz  blank  geometries  are  com¬ 
pared  with  measurements  and  the  results  of  correlation 
tests  comparing  x-ray  irradiations  with  cobalt-60 
exposures  are  reported. 

Experimental  Procedure 

The  schematic  of  the  x-ray  irradiation  system, 
the  PIN  diode  dosimeter,  temperature  chamber  and  fre¬ 
quency  measurement  instrumentation  are  shown  in  Figure 
1.  A  detailed  description  of  ARACOR  Model  4100  Semi¬ 
conductor  Irradiation  System,  including  details  on  the 
dosimetry  calibration,  is  given  in  reference  1.  For 
quartz  resonator  irradiations,  the  semiconductor  wafer 
probe  station  in  the  Model  4100  was  replaced  with  a 
quartz  resonator  temperature  chamber  (Brightline  Model 
2707).  This  temperature  chamber  is  a  double  crystal 
oven  specifically  fabricated  with  a  low-Z,  x-ray  window 
(2.5-cm  polyurethane  foam  and  l-rnn  Al)  and  includes  a 
remote  temperature  controller.  With  the  x-ray  window, 
the  oven  had  a  thermal  gain  of  about  2000. 

To  measure  the  average  x-ray  dose  deposited  in 
the  crystal  blank,  the  PIN  diode  dosimeter  described 
in  reference  1  was  utilized.  Suitable  filters,  con¬ 
sisting  of  samples  of  the  materials  used  in  the  oven, 
resonator  enclosure,  and  crystal  blank  were  interposed 
between  the  x-ray  source  and  the  dosimeter  to  simulate 
the  actual  setup  that  was  irradiated. 

The  resonator  frequencies  were  measured  utilizing 
a  multichannel  ref lectometer  (Brightline  2107)  and  an 
HP  5335A  precision  counter  utilizing  a  reference  fre¬ 
quency  provided  by  a  rubidium  atomic  frequency  standard 
(Efratom).  The  Model  2107  Ref lectometer  is  an  improved 
version  of  the  instrument  described  in  reference  3.  An 
HP  9816  controller  was  used  to  operate  the  irradiation 
system  as  well  as  the  measurement  system  via  an  IEEE- 
488  interface. 

To  obtain  a  direct  measurement  of  the  crystal 
blank  temperature  during  irradition,  a  temperature- 


55 


CH2062  0/84/0000-0055$1.00  ©  1984IEEE 


sensitive  mode  in  addition  to  the  normal  c-mode  of  the 
resonators  was  also  monitored  by  the  multichannel 
ref lectometer .  The  direct  temperature  measurement  of 
the  crystal  during  irradiation  provided  (1)  a  direct 
measure  of  the  radiation  dose  rate  absorbed  by  the 
crystal  via  calorimetry  and  (2)  direct  assurance  that 
the  radiation-induced  frequency  shifts  in  the  c-mode 
were  not  the  result  of  radiation-induced  heating.  In 
these  experiments  the  maximum  radiation  dose  rates 
were  limited  so  that  the  radiation-induced  temperature 
increases  in  the  c-mode  frequency  were  negligible. 

A  plot  showing  the  fractional  frequency  of  the 
c-mode,  f^,  and  the  temperature  sensitive  mode, 
fj,  for  a  typical  12-hour  measurement  sequence  is 
shown  in  Figure  2.  The  measured  Allan  variance, 
0[  t),  for  fc  of  about  1.5x10"^*^  for  10-sec  aver¬ 
aging  times  was  typical  for  the  ref lectometer .  For 
the  cobalt-60  irradiations,  sixty-foot  cables  were 
required  between  the  resonator  and  the  ref lectometer, 
resulting  in  a  five  times  increase  in  the  instrument 
noise.  To  improve  the  sensitivity  of  the  reflectom- 
eter  measurements,  digital  signal  processing  was  some¬ 
times  applied  to  extract  the  radiation-induced  fre¬ 
quency  shifts.  With  this  digital  filtering,  the 
sensitivity  of  the  measurement  system  was  improved  to 
about  3xl0*^l.  The  temperature  fluctuations  measured 
by  fj  in  Figure  2  are  the  result  of  temperature 
excursions  of  the  crystal  blank  due  to  temperature 
fluctuations  in  the  laboratory.  The  sensitivity  of 
the  temperature  measurement  was  significantly  better 
than  1  m*C. 

The  temperature  coefficient  of  the  ref lectometer 
was  characterized  by  subjecting  the  measurement  system 
to  thermal  cycling.  These  measurements  indicated  a 
negligible  temperature  coefficient  (less  than  1x10'^^ 
per  m*C)  for  the  two  channels  used  in  these 
experiments.  Note  in  Figure  2  that  the  laboratory 
temperature  fluctuations  (fj)  are  not  reproduced  in 
the  c-mode  frequency  data. 

The  samples  used  in  these  experiments  were  SC-cut 
resonators  enclosed  in  ceramic  (AI2O3)  flatpacks.  The 
details  of  the  fabrication  of  such  resonators  are 
outlined  in  reference  4  and  the  references  therein. 
The  crystal  blanks  were  fabricated  from  premium-Q 
cultured  quartz  material  that  had  been  electrodiffused 
(swept)  in  air.  Resonators  were  tested  from  two 
groups  with  a  c-mode  frequency  of  10.23  (3d  harmonic) 
and  5.115  (fundamental)  MHz.  Seven  resonators  were 
studied. 

The  x-ray  radiation  response  of  each  resonator 
was  characterized  over  the  dose  range  from  3  rad(Si02) 
to  10^  rad(Si02)  covering  both  the  low-dose  and  high- 
dose  regimes.  Some  crystals  were  irradiated  to  10^ 
rad(Si02).  The  following  x-ray  irradiation  procedure 
was  utilized.  The  resonator  was  mounted  into  the  oven 
and  the  oven  temperature  set  to  the  lower  turning 
point  (approximately  70*C).  After  a  two-day  stabili¬ 
zation  period,  the  initial  low-dose  response  was 
determined  by  irradiating  to  10^  rad(Si02)  with  a  dose 
rate  from  10-150  rad  per  min.  A  two-day  annealing 
period  was  followed  by  irradiation  to  10°  rad(Si02) 
with  a  dose  rate  ranging  from  250-7500  rad  per  min. 
Another  two-day  annealing  period  was  followed  by  addi¬ 
tional  low-dose  irradiations.  Between  each  low-dose 
test  the  resonator  was  allowed  to  anneal  for  at  least 
24  hours.  Low-dose  irradiations  were  also  performed 
after  a  30-day  annealing  period. 

Cobalt-60  irradiations  were  conducted  on  selected 
resonators  in  a  dry-room  cobalt  source  (International 
Neutronics,  Inc.,  Palo  Alto,  CA).  Dosimetry  was  per¬ 
formed  using  Far  West  fiber  optic  dosimeters  that  are 


traceable  to  NBS.  The  same  in-situ  measurement  setup 
shown  in  Figure  1  was  used  with  the  addition  of  longer 
cables.  The  cobalt-60  irradiations  were  conducted  at 
dose  rates  of  250  and  1.5  Krad  per  min.  The  cobalt-60 
irradiations  had  to  be  limited  to  about  10^  rad(Si02) 
so  that  radiation-induced  degradation  to  the  resonator- 
oven  heater  elements  was  small.  Note  that  the  heater 
elements  were  shielded  during  the  x-ray  irradiations. 

Dose  Deposition  in  Crystal  Blanks 

The  tungsten  characteristic  radiation  and  the 
bremsstrahlung  produced  by  the  x-ray  tube  are  attenu¬ 
ated  as  they  pass  through  the  resonator  oven  and  the 
resonator  package  before  being  deposited  in  the  quartz 
blank.  The  beam  is  also  attenuated  as  it  passes 
through  the  crystal  blank.  To  obtain  a  reasonably  uni¬ 
form  dose  distribution  in  quartz  blanks  of  the  various 
thicknesses,  prefiltering  of  the  x-ray  beam  was  optim¬ 
ized.  In  addition,  the  x-ray  power  supply  was  operated 
near  its  maximum  voltage  (50  to  60  kV)  to  provide  the 
most  uniform  deposition  profile  in  the  quartz  blanks. 

The  material  configuration  used  in  these  experi¬ 
ments  is  shown  in  Figure  3.  The  resonator  package  was 
thermally  insulated  from  the  inner  oven  by  polyurethane 
foam.  The  inner  oven  wall  of  20-mils  A1  provided 
adequate  thermal  isolation.  Additional  foam  isolated 
the  inner  and  outer  ovens.  A  1.5-cm2  window  was  cut 
into  the  outer  oven  to  reduce  x-ray  attenuation.  A1 
filtering  was  added  outside  the  oven  to  improve  the 
dose  uniformity  in  the  crystal  blank. 

The  highest  average  dose  rates  that  were  achieved 
with  the  x-ray  irradiation  system  for  the  ceramic  and 
Kovar  packages  are  shown  in  Figure  4.  The  additional 
attenuation  by  the  Kovar  package  is  evident  in  the 
figure.  In  glass-enclosed  resonators,  dose  rates 
similar  to  ceramic  packages  are  obtained.  Maximum  dose 
rates  of  3.5  and  20  Krad  per  min  could  be  achieved  for 
the  Kovar  and  ceramic  packages,  respectively.  Thus,  a 
10°-rad(Si02)  irradiation  can  be  performed  in  50 
minutes. 

Depth-dose  calculations  were  performed  to  deter¬ 
mine  the  dose  uniformity  in  the  quartz  blanks. 
Utilizing  the  x-ray  spectrum  measured  by  Brown,  et 
al.,5  and  x-ray  cross  sections  tabulated  by  McMaster, 
et  al.,®  the  x-ray  dose  deposition  was  determined  for 
the  material  stack  shown  in  Figure  4.  From  these  data, 
the  dose  uniformity  in  various  quartz  blanks  could  be 
determined.  The  front-to-back  dose  ratios  are  plotted 
in  Figure  5  along  with  experimental  data  measured  with 
the  PIN  diode.  The  tradeoff  between  dose  rate  and  dose 
uniformity  is  evident.  Note  that  for  dose  rates  less 
than  1  Krad/min,  a  ±5  percent  dose  uniformity  is 
obtained.  The  data  shown  in  Figure  5  can  be  used  to 
estimate  the  dose  uniformity  for  both  the  ceramic  and 
Kovar  packages.  For  example,  at  the  maximum  irradia¬ 
tion  rate,  the  dose  variation  in  a  40  mil  crystal 
blank  is  tl5  and  ±10  percent  for  a  ceramic  and  a  Kovar 
package,  respectively. 

Dose  Measurement  by  Calorimetry 

The  deposited  dose  in  the  crystal  blank  could  be 
measured  directly  by  monitoring  the  crystal  temper¬ 
ature  during  irradiation.  Since  the  crystal  was 
enclosed  in  a  temperature  chamber,  these  measurements 
could  be  made  without  influence  of  external  effects. 
The  temperature  rise,  AT,  of  a  crystal  blank  sub¬ 
jected  to  irradiation  by  a  steady  dose  rate  of  (Q/m) 
rad  per  min  that  is  turned  on  at  t*0  can  be  expressed 


AT  = 


(1) 


where  K  is  the  inner  oven  time  constant  and  C  is  the 
specific  heat  of  a-quartz.  Thus,  the  steady-rate 
temperature  rise  is 


and  is  a  function  of  the  ratio  of  the  time  constant 
and  the  specific  heat.  From  the  initial  temperature 
rise,  viz.: 


the  specific  heat  can  be  directly  determined. 

Monitoring  the  crystal  temperature  as  a  function 
of  time  verified  the  form  of  equation  (1)  and  a  value 
for  K  of  280  sec  was  determined.  Equation  (2)  was 
experimentally  confirmed  by  irradiations  performed  at 
a  number  of  dose  rates  for  both  x  rays  and  cobalt  60. 
The  x-ray  and  cobalt-60  irradiations  were  character¬ 
ized  by  a  K/C  of  47  m*C  per  Krad,  as  shown  in  Figure  - 
6.  The  experimental  verification  of  equation  (3)  is 
shown  in  Figure  7  for  both  cobalt  60  and  x  rays.  The 
same  value  of  C=0.252  cal/g*C  was  determined  for  the  x 
rays  and  cobalt  60.  This  value  of  C  is  within  20 
percent  of  handbook  values^  and  is  within  the  limit  of 
the  accuracy  of  both  x-ray^  and  cobalt-608  dosimetry. 
These  results  demonstrate  that  the  measured  and 
calculated  deposition  in  the  quartz  blanks  can  be 
accurately  determined. 

Resonator  Irradiation  Results 

Figure  8  is  a  plot  of  the  radiation  measurements 
of  a  10.23-MHz(3rd  overtone)  resonator  that  was  irra¬ 
diated  with  both  X  rays  and  by  cobalt-60  ganina  rays. 
The  features  of  the  responses  shown  are  typical  for 
all  the  resonators  irradiated.  The  similarity  between 
the  cobalt-60  and  x-ray  irradiations  are  evident  in 
these  data. 

Initial  irradiations  for  both  x  rays  and  cobalt 
60  resulted  in  large  negative  frequency  shifts 
followed  by  a  smaller  positive  shift  at  low  doses  as 
shown  in  Figures  9  and  10  for  x  rays  and  cobalt  60, 
respectively.  Although  the  initial  radiation 
responses  for  all  the  resonator  studies  were  negative, 
the  magnitude  of  these  frequency  shifts  was  highly 
variable,  ranging  between  0.1  and  40  ppb  for  the 
10.23-MHz(3d  overtone)  and  between  1  and  10  ppb  for 
the  5.115-MHz(fundamental)  resonators. 

The  detailed  cobalt-60  and  x-ray  responses  for  a 
10.23-MHz(3d  overtone)  resonator  are  shown  on  a  linear 
scale  in  Figures  11,  12  and  13.  The  preirradiation 
doses  for  each  irradiation  exposure  are  indicated. 
For  each  exposure  the  crystal  temperature  during 
irradiation  is  also  indicated.  The  similarity  in  the 
frequency  shifts  produced  by  cobalt  60  and  x  rays  is 
evident.  In  Figure  14  a  typical  high-dose  radiation 
response  is  given  illustrating  the  high-dose  rate 
capability  of  the  irradiation  system.  This  measure¬ 
ment  system  allows  the  characterization  of  resonators 
with  a  wide  range  of  frequencies  in  the  same  setup. 
As  an  example,  both  the  low-  and  high-dose  responses 
(after  preirradiation)  are  shown  in  Figures  15  and  16 
for  a  5.115-MHz(fundamental )  resonator. 

Annealing  Behavior 

In  addition  to  the  frequency  changes  that  occur 
during  irradiation,  quartz  resonators  will  typically 
exhibit  frequency  shifts  that  are  significantly  larger 
than  the  normal  aging  response  for  about  1  to  3  days 


after  radiation  exposure.  Often  these  frequency 
shifts  are  in  a  direction  to  return  the  crystal 
frequency  to  its  preirradiation  value  (see,  for 
example,  the  response  in  Figure  11)  and,  hence,  the 
term  annealing  applies.  However,  in  a  number  of 
instances  the  resonator  frequency  shift  continues 
after  irradiation  in  the  same  direction  as  the 
frequency  was  shifting  during  irradiation  (see,  for 
example,  the  response  in  Figure  9)  and,  therefore, 
exhibits  reverse  annealing  behavior.  For  simplicity, 
we  use  the  term  annealing  for  frequency  shifts 
following  irradiation  exposure,  irrespective  of  the 
sign  of  the  responses. 

The  x-ray  irradiation  procedure  described  here 
is  particularly  suited  to  the  characterization  of  the 
annealing  responses  because  the  resonator  can  be 
monitored  continuously  without  interrupting  either  the 
the  thermal  or  the  electrical  environment  of  the 
resonator.  Examples  of  the  annealing  responses  of 
some  resonators  are  given  below. 

For  the  resonators  measured,  the  annealing 
response  (both  in  magnitude  and  duration)  varied 
depending  on  the  irradiation  history  of  the 
resonator.  Usually,  longer  annealing  responses  were 
observed  when  the  resonators  were  irradiated  to  high 
doses.  In  Figure  17  the  annealing  behavior  of  a 
10-MHz  (3d  overtone)  resonator  is  shown  after  an 
initial  25-Krad(Si02)  exposure.  The  negative 
frequency  shift  of  3  ppb  over  a  24-hour  period 
continued  in  the  same  direction  as  the  frequency  was 
shifting  near  the  end  of  the  radiation  exposure.  In 
Figure  18  the  annealing  behavior  after  10  Krad(Si02) 
is  shown.  The  radiation  response  of  this  crystal  had 
been  stabilized  by  preirradiation  to  a  dose  in  excess 
of  10®  rad(Si02).  Annealing  periods  of  about  8-48 
hours  were  observed. 

Conclusions 

An  x-ray  irradiation  procedure  has  been  developed 
for  the  characterization  of  radiation-induced  fre¬ 
quency  shifts  in  quartz  blanks  at  the  resonator  stage 
of  fabrication.  Utilizing  the  ARACOR  Model  4100 
Irradiation  System,  radiation  exposures  over  a  dose- 
rate  range  of  0.01  and  300  rad(Si02)  can  be  performed 
in  a  production  facility  without  requiring  off-site 
testing.  Maximum  dose  rates  of  2  and  18  Krad(Si02) 
per  min  are  obtained  for  ceramic  and  Kovar  packaged 
resonators,  respectively,  with  a  dose  uniformity  of 
better  than  tl5  percent.  A  frequency  measurement 
system  employing  a  multichannel  ref lectometer  and 
remote  oven  allowed  resonator-response  measurements 
without  the  influences  of  oscillator  component 
degradation.  In  addition,  the  multichannel 
measurements  provided  a  means  to  directly  monitor  the 
crystal  temperature  and,  therefore,  the  crystal  could 
be  used  as  its  own  radiation  dosimeter. 

Excellent  correlation  was  obtained  between  cobalt 
60  and  x  rays  for  the  energy  deposited  (absorbed  dose) 
as  measured  by  calorimetry  and  also  for  the 
radiation-induced  frequency  shifts  (radiation 
response).  No  significant  differences  between 
cobalt-60  and  x-ray  radiation  responses  were  observed 
in  both  the  low-dose  and  high-dose  regimes.  The 
instrument  was  also  shown  to  be  highly  suitable  for 
measurements  of  annealing  effects  in  quartz 
resonators. 

Finally,  the  results  reported  here  suggest  that 
the  x-ray  irradiations,  combined  with  reflectometer 
frequency  measurements,  can  provide  an  accurate  and 
detailed  characterization  of  quartz  resonator  radia¬ 
tion  response  without  the  need  for  oscillator  fabrica- 


57 


X-MAV  tOUMCf 


tion  or  off-site  testing.  The  procedures  outlined  are 
convenient  and  cost-effective  and  after  an  investment 
in  the  required  instrumentation  can  be  performed  as  a 
minor  modifications  of  a  resonator  testing  sequence 
directly  on  the  production  floor. 
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Figure  2.  Frequency  stability  of  the  c-mode,  f(;, 
and  the  temperature-sensitive  mode,  fj, 
for  measurements  conducted  overnight. 
Frequency  measurements  were  made  with  a  10 
second  averaging  period. 
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Figure  3.  Schematic  showing  the  materials  between 
the  x-ray  beam  and  the  quartz  blank.  A1 
prefiltering  was  used  to  improve  the  dose 
distribution  in  the  quartz  blank  at  the 
expense  of  irradiation  dose  rate. 


Figure  4.  The  highest  average  dose  rate  absorbed  in 
the  quartz  resonators  operated  in  the 
B-2707  oven.  The  quartz  blank  was 
positioned  at  7.5  cm  from  the  x-ray  tube. 
The  lid  thickness  for  the  ceramic  and 
metal  packages  were  30  mils  and  10  mils, 
respectively. 


Figure  5.  Comparison  of  calculated  and  experimental 
x-ray  dose  deposition  for  quartz  blank 
thicknesses  ranging  from  10  to  80  mils. 

The  dose  rate  is  reduced  by  additional 
prefiltering  with  A1  sheets.  The  distance 
between  the  blank  and  the  x-ray  tube  was 
7.5  cm. 


DOSE  RATE,  KradCSiOgl/min 


Figure  6.  The  steady-state  temperature  rise  during 
x-ray  and  cobalt-60  irradiation. 
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7.  Direct  measurement  of  the  specific  heat  of  Figure  9.  Initial  x-ray  radiation  response  for  a 

a  quartz  during  x-ray  and  cobalt-60  10.23  MHz  (3d  overtone)  resonator, 

irradiations. 


Figure  8.  Summary  of  the  radiation  response  of 

10.23  MHz  (3d  overtone)  resonator  to  both 
x-ray  and  cobalt-60  irradiation. 


Figure  10.  Initial  cobalt-60  radiation  response  of  a 
10.23  MHz  (3d  overtone)  resonator.  The 
temperature  response  during  radiation 
exposure  is  also  shown. 
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11.  Cobalt-60  radiation  response  of  a 
10.23  MHz  (3d  overtone)  resonator  for  240 
and  1500  rad  per  minute. 


Figure  13.  X-ray  radiation  response  of  a  10.23  MHz 
(3d  overtone)  resonator  to  a  dose  of 
10^  rad(Si02). 
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Figure  12.  X-ray  response  of  a  10.23  MHz  (3cl 
overtone)  resonator  at  400  rad  per 
minute. 


Figure  14.  X-ray  response  of  a  10.23  MHz  {3d  overtone) 
resonator  to  a  dose  of  1.3x10^  rad(Si02). 
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15.  Low-dose  x-ray  radiation  response  for 
5.115  MHz  (fundamental)  resonator. 
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Figure  17.  Annealing  behavior  of  a  10.23  MHz  {3d 
overtone)  resonator  after  the  first 
irradiation  exposure. 
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Figure  16.  High-dose  x-ray  radiation  response  of 
5.115  MHz  (fundamental)  resonator. 


Figure  18.  Annealing  behavior  of  a  10.23  MHz  (3d 
overtone)  resonator  following  a 
10  Krad(Si02)  exposure.  The  resonator  was 
preirradiated  to  a  dose  in  excess  of  10® 
rad(Si02)  about  30  days  prior  to  this 
measurement. 
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SUMMARY 

This  paper  summarizes  the  results  of  radiation 
tests  on  cultured  quartz  resonators.  The  tests 
were  conducted  to  determine  the  frequency  shifts 
(Af/f)  of  the  resonators  as  a  result  of  high  and 
low  levels  of  proton  and  gamma  irradiation.  All 
resonators  tested  were  5  MHz,  5th  overtone,  AT  cut 
units  manufactured  in  different  lots  by  Bliley 
Electric  Company  from  nine  bars  of  Premium-Q, 
swept,  cultured  quartz  produced  by  Sawyer  Research 
Products.  Generally,  the  results  were  as  follows: 

Resonators  manufactured  from  the  same  bar  of 
cultured  quartz  showed  consistent  frequency 
changes  (Af/f)  when  subjected  to  high  level  gamma 
radiation.  However,  this  consistency  did  not 
exist  when  the  resonators  were  exposed  to  low 
level  gamma  radiation. 

For  low  level  radiation  no  apparent  correla¬ 
tion  exists  between  the  aluminum  content  of  a 
resonator  and  its  radiation  induced  frequency 
shift  (Af/f). 

A  correlation  exists  between  the  low  level 
radiation  induced  frequency  shift  (Af/f)  of  a 
resonator  and  the  manufacturing  lot  in  which  the 
resonator  was  produced. 

The  low  ’evel  radiation  sensitivity  of  a 
resonator  cannot  be  extrapolated  from  high  level 
radiation  data. 

The  radiation  sensitivities  of  resonators 
subjected  to  low  level  radiation  may  be  grouped 
into  one  of  four  distinctive  signatures. 

The  signatures  and  the  frequency  shifts  (Af/f) 
of  resonators  subjected  to  low  level  proton  and 
gamma  radiation  are  very  similar. 

Radiative  preconditioning  of  resonators 
reduces  the  radiation  induced  frequency  shifts 
(Af/f)  at  both  high  and  low  levels  of  gamma  and 
proton  radiation. 

INTRODUCTION 

The  radiation  susceptibility  of  quartz  resona¬ 
tors  is  a  significant  parameter  contributing  to 
the  performance  of  spacecraft  oscillators.  To 
meet  various  sponsor  and  mission  requirements.  The 
Johns  Hopkins  University  Applied  Physics  Labora¬ 


tory  (JHU/APL)  initiated  a  study  of  the  effects  of 
high  and  low  dose  and  dose  rates  of  gamma  and 
proton  radiation  on  ouartz  resonators.  In  each  of 
the  radiation  experiments,  the  resonators  were 
installed  in  test  oscillators  with  the  flat 
surface  of  the  resonator  perpendicular  to  the 
radiation  source.  All  measurements  were  made  with 
the  test  oscillators  operating  at  the  resonator 
turn-over  temperature.  The  tests  showed  that  the 
measured  frequency  shifts  (Af/f)  were  dominated  by 
proton  and  gamma  radiation  effects  on  the  resona¬ 
tor  and  not  by  proton  and  gamma  radiation  effects 
on  the  test  oscillator  electronics. 

GAMMA  RADIATION  TESTS 
High  Level  Gamma  Radiation  Tests 

Principally,  the  high  level  radiation  testing 
of  quartz  resonators  and  oscillators  was  conducted 
to  determine  if  a  quartz  oscillator  would  continue 
to  function  when  exposed  to  an  ionizing  radiation 
environment  between  10  and  50  krads.  The  direc¬ 
tion  and  magnitude  of  any  resulting  frequency 
shifts  were  also  of  great  interest. 

Initially,  quartz  resonators,  which  had  not 
been  previously  exposed  to  radiation,  were 
installed  in  test  oscillators,  which  were  then 
exposed  to  a  Cobalt-60  radiation  source.  The 
source  delivered  a  dose  rate  of  67  rads  per  second 
to  the  outside  surfaces  of  the  test  oscillator, 
and  approximately  34  rads  per  second  to'  the 
resonator  (due  to  shielding  of  the  test  oscillator 
structure).  The  test  oscillators  were  exposed  to 
incremental  radiation  doses  of  1,  2,  7,  and  10 
krads.  A  sufficient  time  interval  was  allowed 
between  the  incremental  radiation  exposures  for 
frequency  stabilization.  This  procedure  produced 
an  accurate  measurement  of  the  steady-state 
frequency  shifts  (Af/f)  resulting  from  the 
radiation  exposure.  In  all  instances  the 

oscillators  continued  to  function  throughout  the 
range  of  radiation  exposures. 

High  Level  Gamma  Radiation  Test  Results 

Test  data  for  nine  of  the  resonators  are  shown 
in  Fig.  1.  Note  the  frequency  shifts,  after  an 
initial  exposure  to  10  to  20  krads,  became  much 
smaller  when  the  resonators  were  subsequently 
exposed  to  additional  radiation.  This  effect  was 
observed  in  the  majority  of  resonators.  Data 
analysis  after  testing  the  first  six  resonators 
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Fig.  1  Quartz  oscillator  steady  state  frequency  changes  induced 
by  high  level  gamma  radiation. 

resulted  in  a  decision  to  precondition  subsequent 
test  resonators  by  exposure  to  20  krads  before 
installation  in  the  test  oscillators.  Data  for 
all  resonators  tested  in  the  high  level  radiation 


experiment  are  tabulated  in  Table  1.  It  is 
interesting  to  observe,  for  the  high  level  gamma 
radiation  test,  that  67  percent  of  the  resonators 
had  negative  frequency  shifts.  Additionally,  as 
indicated  in  Table  1  and  Fig.  1,  resonators 
manufactured  from  the  same  quartz  bar  produced 
consistent  radiation  coefficients.  Resonators 
manufactured  from  bar  A13-1-1  had  high  radiation 
coefficients  which  persisted  even  after  exposure 
to  30  krads.  However,  for  resonators  manufactured 
from  quartz  bar  All-34-3,  K5F  and  K18F  had  rela¬ 
tively  low  radiation  coefficients  which  became 
smaller  at  the  higher  accumulated  radiation  doses. 


Low  Level  Gamma  Radiation  Tests 

Low  level  gamma  radiation  testing  of  quartz 
resonators  and  oscillators  was  initiated  in  order 
to  estimate  oscillator  performance  in  a  low  level 
background  radiation  environment.  Based  on  data 
collected  from  the  high  level  radiation  tests,  a 
radiation  sensitivity  specification  of  1  x  10"^° 
per  rad  for  a  4  rad  exposure  appeared  easy  to  meet 
and  was  therefore  adopted  as  a  basis  for  screening 
resonators.  Low  level  gamma  radiation  experiments 
were  conducted  using  a  Cobalt-60  radiation  source 
which  produced  a  dose  rate  of  0.1  rad  per  minute 
at  the  resonator  surface.  Each  resonator  was 
incrementally  exposed  to  0.1,  1,  and  3  rads.  An 
examination  of  the  initial  low  level  gamma 
radiation  experiment  results  indicated  that  the 
radiation  induced  frequency  shifts  were  much 
larger  than  expected  from  the  extrapolation  of  the 
high  level  radiation  test  data.  This  confirmed 
the  findings  previously  reported  in  the 
literature*  namely,  that  the  radiation  induced 
frequency  shifts  of  a  resonator  cannot  accurately 
be  predicted  over  a  large  range  of  exposures  using 
only  data  for  a  particular  range  of  exposure. 
Since  no  radiation  data  existed  in  our  range  of 
interest  (total  exposures  up  to  4  rads  with  a  dose 
rate  of  0.1  rad  per  minutes),  a  systematic  plan 
for  low  level  radiation  testing  of  quartz 
resonators  was  developed.  This  plan  would  yield 
the  required  frequency  shift  versus  radiation 
data,  and  hopefully  lend  insight  into  the 


TABLE  1 

Quartz  Resonator  Test  Results 
For  High  Level  Gamma  Radiation 


RESONATOR 

SERIAL 

NUMBER 

BAR 

NUMBER 

AUTO¬ 

CLAVE 

NUMBER 

ALUMINUM 
CONTENT  OF 
BAR  (ppm) 

RADIATION 
SENSITIVITY 
(X  10'**) 

19047* 

All-34-3 

NA 

12.00 

0.0140 

26750 

NA 

NA 

NA 

0.0018 

27497 

A13-1-1 

NA 

NA 

-0.1200 

27499 

A13-1-1 

NA 

NA 

-0.0850 

27502 

All-39-4 

NA 

NA 

-0.0980 

27504 

All-34-3 

NA 

12.00 

-0.0116 

27506 

All-34-3 

NA 

12.00 

0.0100 

28602 

K5F 

D14-45 

0.64 

0.0010 

28604* 

K5F 

014-45 

0.64 

-0.0028 

28605H* 

K13F 

A6-26 

0.79 

-0.0013 

28611H* 

K18F 

D14-45 

0.92 

-0.0118 

28612* 

K18F 

D14-45 

0.92 

-0.0020 

*  Resonators  with  20  krad  gamma  preconditioning. 

NA  Data  not  available. 

+  Frequency  shift  (Af/f)  for  the  last  10  krads  exposure  divided  by  10 
krads. 
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radiation  sensitivity  mechanisms  of  resonators. 
Generally,  the  test  plan  was  as  follows: 

1.  Resonators  used  in  the  experiment  would 
be  manufactured  by  Bliley  Electric  Company  using 
six  bars  of  Premium-Q,  cultured,  Z-growth  quartz 
produced  by  Sawyer  Research  Products. 

2.  Each  quartz-bar  used  for  resonator  fabri¬ 
cation  would  be  divided  into  sections  as  shown  in 
Fig.  2.  During  resonator  fabrication,  traceabil¬ 
ity  to  the  parent  bar  and  section  would  be  main- 
tai  ned. 

3.  A  sample  from  each  bar  would  be  analyzed 
for  aluminum  content  by  Oklahoma  State  University, 
since  it  had  been  reported  that  there  was  a  cor¬ 
relation  between  aluminum  content  of  the  bar  and 
radiation  sensitivity  of  a  resonator  made  from  the 
bar 

4.  Each  test  resonator  would  be  exposed  to 
low  level  gamma  radiation  from  a  Cobalt-60  source. 
The  dose  rate  would  be  0.1  rad  per  minute  and  the 
total  accumulated  dose  would  be  4  rads  received  at 
incremental  exposures  of  0.1,  1  and  3  rads. 

5.  Each  tested  resonator  which  displayed  a 
steady-state  low  level  radiation  coefficient  of 
less  than  1  X  10'^°  per  rad  for  a  4  rad  exposure 
would  be  considered  spaceflight  qualified  and 
reserved  for  use  in  JHU/APL  space  qualified  oscil¬ 
lators. 

The  first  resonators,  identified  by  the  serial 
number  series  318XX,  were  fabricated  from  quartz 
bars  K15K  and  K17K  (see  Table  2).  The  aluminum 
content  of  these  bars  was  measured  at  5.4  and  5.7 
ppm,  respectively.  Fifty-six  percent  of  these 
resonators  were  found  to  have  radiation  coeffi¬ 
cients  of  less  than  1  x  10*^°  per  rad.  The  next 
lot  of  resonators,  series  S/N  324XX,  which  was 
fabricated  from  the  same  bars  (K15K  and  K17K),  all 
had  radiation  coefficients  greater  than  1  x  10'^** 
per  rad.  The  third  manufacturing  lot  of  resona¬ 
tors,  series  S/N  324XX,  was  fabricated  from  quartz 
bars  K13F  and  K18F.  These  bars  had  a  low  alumi¬ 
num  content  of  0.79  and  0.92  ppm,  respectively. 
When  five  of  six  resonators  (an  83*  yield)  were 
found  to  have  radiation  coefficients  less  than  1  x 
10'*'’  per  rad,  a  correlation  between  low  aluminum 


content  and  radiation  coefficient  seemed  to  con¬ 
firm  the  findings  reported  in  the  literature.  The 
fourth  manufacturing  lot  of  resonators,  series  S/N 
340XX,  was  also  fabricated  from  quartz  bars  K13F 
and  K18F.  Two  of  the  three  resonators  (67*)  ex¬ 
hibited  radiation  coefficients  less  than  1  x 
per  rad.  This  seemed  to  reaffirm  a  correlation 
between  low  level  radiation  coefficients  and  the 
aluminum  content  of  the  parent  quartz.  The  fifth 
manufacturing  lot  of  resonators,  series  S/N  346XX, 
was  fabricated  from  quartz  bar  KllK.  This  bar  had 
the  highest  aluminum  content  of  all  bars  tested, 
8.3  ppm.  Based  on  the  test  results  of  manufac¬ 
turing  lot  1  through  4,  we  expected  only  a  small 
number  of  resonators  would  have  a  radiation  co¬ 
efficient  of  less  than  1  x  10”^°  per  rad. 
Surprisingly,  all  ten  resonators  in  this  lot 
exhibited  coefficients  less  than  1  x  10'^°  per 
rad.  The  remarkable  performance  and  consistency 
of  this  lot  of  resonators,  manufactured  from  a 
parent  quartz  bar  with  very  high  aluminum  content, 
cast  doubt  on  the  relationship  between  the  alu¬ 
minum  content  of  the  parent  quartz  bar  and  the 
radiation  coefficient  of  the  resonator  made  from 
that  quartz.  This  ambiguity  was  decisive  in  ini¬ 
tiating  additional  testing  which  would  not  only 
continue  to  seek  a  correlation  between  the  alu¬ 
minum  content  of  the  parent  quartz  bar  and  the 
radiation  coefficient  of  the  resonators,  but  also 
study  the  possible  correlation  of  other  machanisms 
to  the  variations  in  the  radiation  coefficient  of 
resonators  rjianufactured  from  the  same  parent 
quartz.  It  was  conjectured  that  one  possible 
mechanism  could  be  related  to  lot-to-lot  variation 
in  the  resonator  manufacturing  process.  The  sixth 
and  seventh  manufacturing  lots  of  resonators, 
series  S/N  347XX  and  S/N  352XX,  were  fabricated 
from  bars  K13F  and  K18F.  The  sixth  manufacturing 
lot  produced  two  resonators  out  of  a  total  of 
five,  a  40*  yield,  which  had  radiation  coeffi¬ 
cients  less  than  1  x  10'^°  per  rad.  As  shown  in 
Table  2,  bars  K13F  and  KIBF  had  very  low  aluminm 
content.  The  seventh  manufacturing  lot  produced 
only  one  acceptable  resonator  from  a  total  of  five 
resonators,  a  20*  yield.  Again,  the  results 
showed  that  low  aluminum  content  of  the  parent 
quartz  bar  does  not  necessarly  produce  resonators 
with  low  radiation  coefficients.  The  eigth  and 
final  manufacturing  lot  of  resonators  tested, 
series  S/N  257XX,  was  fabricated  from  quartz  bar 
K5F,  which  had  the  lowest  aluminum  content  of  0.64 
ppm.  As  shown  in  Table  2,  quartz  bar  K5F  produced 
only  two  acceptable  resonators  out  of  11,  an  18* 
yield,  with  a  radiation  coefficient  of  less  than  1 
X  10  per  rad.  Once  again  we  see  a  poor  yield 
of  acceptable  resonators  manufactured  from  a 
parent  quartz  bar  of  low  aluminum  content.  In  our 
opinion,  this  is  a  further  indication  that  no  cor¬ 
relation  exists  between  the  aluminum  content  of 
the  parent  quartz  and  the  low  level  frequency 
versus  radiation  coefficient  of  the  associated 
resonators. 

Two  of  the  resonators  tested  (S/N  33817  and 
S/N  33822)  had  excellent  radiation  sensitivities 
but  abnormally  high  aging  rates.  Since  we  felt 
that  these  high  aging  rates  were  caused  by  con¬ 
tamination  during  manufacturing,  Bliley  was  asked 
to  reprocess  them.  The  resonators  were  later 
retested  for  radiation  sensitivity  without  further 
preconditioning.  The  retest  results  for  S/N  33822 
are  shown  in  Fig.  3-A;  the  original  test  results 
are  shown  in  Fig.  3-B.  Note  the  slight  improve¬ 
ment  in  aging  rate  after  the  reprocessing,  but  a 
very  different  radiation  sensitivity  (signature). 
This  was  explained,  after  consultation  with 
Bliley,  by  the  fact  that  during  reprocessing  the 
resonators  were  subject  to  a  temperature  of  355*C 
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TABLE  2 


Quartz 

Resonator 

Yields  for  Low 

Level  Gamma 

Radiation  Tests 

TEST 

SERIES 

MANUFACTURING 

LOT 

BAR 

NO. 

ALUMINUM 
CONTENT  OF 
BAR  (ppm) 

TOTAL 

RESONATORS 
FROM  BAR 

ACCEPTABLE 

RESONATORS* 

ACCEPTABLE 
RESONATOR 
YIELD  (?) 

1 

318XX 

K15K 

K17K 

5.40 

5.70 

9 

5 

56 

2 

324XX 

K15K 

K17K 

5.40 

5.70 

3 

0 

0 

3 

338XX 

K13F 

K18F 

0.79 

0.92 

6 

5 

83 

4 

340XX 

K13F 

K18F 

0.79 

0.92 

3 

2 

67 

5 

346XX 

KllK 

8.30 

10 

10 

100 

6 

347XX 

K13F 

K18F 

0.79 

0.92 

5 

2 

40 

7 

352XX 

K13F 

K18F 

0.79 

0.92 

5 

1 

20 

8 

257XX 

K5F 

0.64 

11 

2 

18 

*  Resonators  with  a  total 

frequency 

sensitivity  of 

<  1  X  10'*° 

per  rad  from  a  4  rad 

exposure. 

which  renoved  the  effects  of  the  original 
radiation  preconditioning.  The  reprocessed 
resonator  (S/N  33822)  was  then  removed  from  the 
test  oscillator  and  re-preconditioned  with  20 
krads  of  gamma  radiation,  and  retested.  The 
results  of  this  retest  are  shown  in  Fig.  3-C.  The 
test  results  for  the  reprocessed  resonator  S/N 
33822  are  comparable  to  that  of  S/N  33817.  Note 
that  reprocessing  of  these  resonators  caused  a 
significant  change  in  their  radiation  sensitiv¬ 
ity.  From  these  data,  one  may  conclude  that  the 
radiation  sensitivity  of  the  resonators  was  re¬ 
lated  to  the  manufacturing  process  since  the  same 
quartz  blank  was  used  for  the  original  and 
reworked  resonators. 

Low  level  Gamma  Radiation  Data  Analysis 

After  reducing  the  test  data  from  the  low 
level  gamma  radiation  tests  to  graphic  form,  four 
distinctive  signatures  of  radiation  sensitivity 
were  readily  identifiable.  These  signatures  are 
shown  in  Fig.  4.  The  signature  which  occurred 
most  frequently  is  characterized  by  a  large 
positive  frequency  shift  during  irradiation, 
followed  by  a  gradual  recovery  to  the  pre-test 
aging  rate.  Figure  4-A  shows  an  example  of  this 
signature.  Thirty-four  percent  of  the  resonators 
tested  produced  this  signature.  We  found  no 

correlation  between  the  signature  and  the  aluminum 
content  of  the  parent  quartz  or  manufacturing  lot 
of  the  resonators. 

In  an  effort  to  correlate  resonator  perfor¬ 
mance,  the  data  were  reduced  to  a  series  of  bar 

charts  showing  resonator  performance  as  a  function 
of  quartz  bar,  bar  section,  and  manufacturing 

lot.  Figure  5  shows  no  clear  correlation  between 
resonator  yield  and  the  parent  quartz  bar.  How¬ 
ever,  Fig.  6  shows  a  strong  correlation  between 

resonator  yield  and  manufacturing  lot.  Bar  K13F 


was  used  by  Bliley  to  fabricate  resonators  in  four 
different  manufacturing  lots:  series  338XX, 

340XX,  347XX  and  352XX.  Figure  7  presents  the 
test  data  for  all  resonators  manufactured  from  bar 
K13F,  and  identifies  the  bar  section  from  which 
each  resonator  was  made.  Clearly,  the  percentage 
yield  of  resonators  is  much  better  correlated  to 
specific  manufacturing  lots  than  to  the  parent 
quartz  bar  or  bar  section. 

In  conclusion,  the  low  level  gamma  radiation 
test  data  show  that: 


1.  The  low  level  radiation  coefficient  of  a 
resonator  is  not  correlated  to  the  aluminum  con¬ 
tent  of  the  parent  quartz  bar. 

2.  The  low  level  radiation  coefficient  of 
the  resonator  is  not  related  to  the  section  of  the 
parent  quartz  bar  from  which  it  was  manufactured. 

3.  There  exists  a  strong  correlation  between 
the  low  level  radiation  coefficient  of  a  resonator 
and  the  manufacturing  lot  in  which  the  resonator 
was  produced.  This  suggests  that  the  low  level 
radiation  coefficient  of  a  resonator  is  dependent 
on  small  variations  in  the  manufacturing  process 
which  is  general  ly  thought  to  be  consistent. 

4.  Four  distinctive  signatures  of  radiation 
sensitivity  are  identifiable,  possibly  indicating 
that  there  are  several  radiation  sensitive  mechan¬ 
isms  which  may  exist  singularly  or  in  combination 
in  each  quartz  resonator.  These  mechanisms  may  be 
activated  by  different  radiation  levels. 

5.  The  majority  of  the  resonators  showed  a 
positive  frequency  shift  (refer  to  Table  3). 
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Fig.  3  Quartz  resonator  S/N  33822  radiation  test  results. 


PROTON  RADIATION  TESTS 


In  order  to  investigate  the  frequency  shifts 
of  resonators  in  a  simulated  space  environment, 
the  resonators  were  exposed  to  protons  qenerated 
by  the  cyclotron  at  Harvard  University.  Technical 
specifications  for  the  Harvard  University  Proton 
Cyclotron  are  listed  in  Table  4.  The  test  oscil¬ 
lators  used  in  the  proton  beam  tests  were  the  same 
units  used  previously  in  the  gamma  radiation 
tests. 

Test  Procedures  and  Objectives 

The  oscillators  were  mounted  on  a  fixed  table 
in  front  of  the  proton  beam.  Two  lasers,  mounted 
In  the  same  horizontal  plane  as  the  oscillators, 
were  used  to  locate  the  resonators  symmetrically 
around  the  isocenter  of  the  proton  beam.  This 
configuration  is  shown  in  Fig.  8.  The  Bragg  curve 


Fig.  4  Four  distinctive  signatures  of  radiation  sensitivity. 
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Percentage  yield  of  acceptable  resonators 


Aluminum  content 


Fig.  5  Yield  of  acceptable  resonators  as  a  function  of  aluminum 
content  and  bar. 


318XX  324XX  338XX  340XX  346XX  347XX  352XX  257XX 
Manufacturing  lot 

Fig.  6  Yield  of  acceptable  resonators  as  a  function  of 
manufacturing  lot. 


(percent  of  radiation  dose  as  a  function  of  proton 
beam  penetration  depth)  was  calculated  before  the 
radiation  experiments  to  confirm  that  the  resona¬ 
tors  received  a  uniform  radiation  dose  (refer  to 
Fig.  8).  Before  each  proton  radiation  test,  the 
proton  beam  was  carefully  calibrated.  This 
calibration  resulted  in  a  proton  beam  dose  rate 
uncertainty  of  3*.  The  proton  beam  energy 
uncertainty  was  5%.  Before  each  radiation  experi¬ 
ment,  the  resonator  frequency  was  allowed  to 
stabilize  so  that  the  radiation  sensitivity  of  the 
resonators  could  be  correlated  to  the  proton  beam 
dose.  The  proton  beam  irradiation  of  the  reson¬ 
ators  included  the  following  test  measurements: 


Sec  A  Sec  B  Sec  C  Sec  D 

Fig.  7  Quartz  resonator  radiation  sensitivity  as  function  of 
bar  section. 


rate 

counter 


Fig.  8  Harvard  cyclotron  test  setup  and  proton  beam  geometry. 


1.  Resonator  frequency  shift  (Af/f)  as  a 

function  of  proton  beam  dose  rates  and  total 

accumulated  dose  for  fixed  values  of  the  proton 
beam  energy,  153  MeV. 

2.  Resonator  frequency  shift  (Af/f)  as  a 
function  of  the  proton  beam  energy  for  fixed  dose 
rate  and  accumultated  dose. 

In  the  first  test,  the  oscillators  were 
subjected  to  a  153  MeV  proton  beam  with  a  dose 
rate  equal  to  0.1  rad  per  minute  and  total 

accumulated  doses  of  0.1,  1.0,  and  3.0  rads.  The 

results  of  this  test  are  presented  in  Figs.  9  and 

10,  together  with  the  data  from  similar  gamma  ray 
tests  (dose  rates  equal  to  0.1  rad  per  minute  and 
total  accumulated  doses  of  0.1,  1.0,  and  3.0 

rads).  Figures  9  and  10  show  that  frequency  shift 
as  a  function  of  time  due  to  proton  and  gamma 
irradiation  of  the  resonators  are  very  similar. 
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TABLE  3 


Quartz  Resonator  Test  Results  for  Low  Level  Gamina  Radiation 


AUTO- 

ALUMINUM 

RADIATION 

SERIAL 

BAR 

CLAVE 

SECTION 

CONTENT  OF 

SENSITIVITY^ 

NUMBER 

NUMBER 

NUMBER 

NUMBER 

BAR  (ppm) 

(X  10  “) 

25734 

K5F 

D14-45 

A 

0.64 

54 

25735 

K5F 

D14-45 

A 

0.64 

25 

25737 

K5F 

014-45 

A 

0.64 

67 

25738 

K5F 

D14-45 

A 

0.64 

-6.5 

25739 

K5F 

014-45 

A 

0.64 

34 

25740 

K5F 

014-45 

8 

0.64 

20 

25741 

K5F 

014-45 

B 

0.64 

-5 

25742 

K5F 

014-45 

B 

0.64 

42 

25743 

K5F 

014-45 

B 

0.64 

22 

25745 

K5F 

014-45 

B 

0.64 

40 

25746 

K5F 

014-45 

B 

0.64 

17 

28605 

K13F 

A6-26 

A 

0.79 

.1 

28611 

K18F 

014-45 

A 

0.92 

-.3 

31816 

K15K 

H39-24 

NA 

5.4 

4 

31817 

K15K 

H39-24 

NA 

5.4 

18 

31818 

K15K 

H39-24 

NA 

5.4 

8 

31819 

K15K 

H39-24 

NA 

5.4 

5 

31821 

K17K 

H39-24 

NA 

5.7 

15 

31822 

K17K 

H39-24 

NA 

5.7 

2 

31823 

K17K 

H39-24 

NA 

5.7 

34 

31823R  ° 

K17K 

H39-24 

NA 

5.7 

3 

31823R1 

K17K 

H39-24 

NA 

5.7 

2.2 

31823R2 

K17K 

H39-24 

NA 

5.7 

1.9 

31824 

K17K 

H39-24 

NA 

5.7 

6 

31825 

K17K 

H39-24 

NA 

5.7 

20 

31825R 

K17K 

H39-24 

NA 

5.7 

9 

32472 

K15K 

H39-24 

NA 

5.4 

19 

32473 

K15K 

H39-24 

NA 

5.4 

13 

32475 

K17K 

H39-24 

NA 

5.7 

11 

32606 

K17K 

H39-24 

NA 

5.7 

32 

33814 

K13F 

A6-26 

A 

0.79 

5 

33815 

K13F 

A6'26 

A 

0.79 

3 

33817 

K13F 

A6-26 

8 

0.79 

1 

33817R 

K13F 

A6-26 

B 

0.79 

24 

33817R1 

K13F 

A6-26 

6 

0.79 

14 

33820 

K13F 

A6-26 

C 

0.79 

32 

33820R 

K13F 

A6-26 

C 

0.79 

31 

33822 

K13F 

A6-26 

D 

0.79 

2 

33822R 

K13F 

A6-26 

0 

0.79 

8 

33822R1 

K13F 

A6-26 

0 

0.79 

1 

33823 

K18F 

014-45 

8 

0.92 

5 

34079 

K18F 

014-45 

A 

0.92 

16 

34080 

K18F 

014-45 

C 

0.92 

.8 

34082 

K13F 

A6-26 

A 

0.79 

6.3 

34627 

KllK 

H39-24 

A 

8.3 

2 

34628 

KllK 

H39-24 

A 

8.3 

6 

34629 

KllK 

H39-24 

A 

8.3 

1.5 

34630 

KllK 

H39-24 

B 

8.3 

9 

34631 

KllK 

H39-24 

B 

8.3 

6 

34632 

KllK 

H39-24 

B 

8.3 

8 

34632R 

KllK 

H39-24 

B 

8.3 

8 

34633 

KllK 

H39-24 

C 

8.3 

10 

34636 

KllK 

H39-24 

0 

8.3 

4.5 

34637 

KllK 

H39-24 

0 

8.3 

-6 

34638 

KllK 

H39-24 

0 

8.3 

9 

34743 

K13F 

A6-26 

B 

0.79 

62 

34744 

K13F 

A6-26 

C 

0.79 

-14 

34744R 

K13F 

A6-26 

C 

0.79 

-8.9 

34745 

K13F 

A6-26 

C 

0.79 

41 

34746 

K18F 

014-45 

D 

0.92 

1.5 

34747 

K18F 

014-45 

0 

0.92 

1 

35204 

K13F 

A6-26 

A 

0.79 

102 

35205 

K13F 

A6-26 

C 

0.79 

60 

35206 

K13F 

A6-26 

0 

0.79 

8 

35207 

K18F 

014-45 

B 

0.92 

70 

35208 

K18F 

014-45 

B 

0.92 

60 

*  Frequency 

Shift  (Af/f) 

per  rad 

for  a  4  rad 

exposure. 

NA  -  Data  not  available. 
°  -  Retested  Resonator. 
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TABLE  4 


Technical  Specifications  of  the  Harvard  Cyclotron 


3 


PARAMETER 


VALUE 


Proton  Energy  Range 
Proton  Beam  Pulse  Length 
Proton  Beam  Pulse  Repetition 
Standard  Beam  Diameter 
Proton  Dose  Rate  Range 
Proton  Beam  Power 


10-153  MeV 
400  liS 
10  ms 
20  cm 

0.1-150  rads/min 
160  Watts 


18r 

16 

14- 

12 

o 

■^10- 
X  81 


Proton  test  _ 


6h 


4 

2 

0 

-2i 


r 

r 


Gamma  test 


£ 


3,0  rad  exposure 


1.0  rad  exposure 


0.1  rad  exposure 

_i _ U. 

10 


Aging  rate 


15 

Hours 


20 


25 


30 


Fig.  9  Low  level  gamma  and  proton  radiation  test  data 
for  resonator  33820. 


Fig.  10  Low  level  gamma  and  proton  radiation  test  data 
for  resonator  34744. 


This  similarity  indicates  that  the  mechanisms 
which  caused  the  frequency  shifts  in  the  resona¬ 
tors  are  due  to  ionization  effects  rather  than 
nuclear  interactions.  This  is  apparent  because 
the  only  common  interactions  of  proton  and  gamma 
radiation  with  matter  is  ionization.  Hence,  it  is 
concluded  from  these  data  that  the  protons  only 
interact  with  the  quartz  resonators  by  means  of 
ionization  processes.  Therefore,  it  seems  logical 
that  one  may  use  gamma  radiation  in  the  low  level 


radiation  testing  of  resonators  to  predict  the 
resonator  response  to  proton  radiation. 

In  the  second  test,  resonators  were  subjected 
to  a  proton  beam  with  energies  of  70,  110,  and  130 
MeV.  The  proton  dose  rate  in  these  tests  was  0.1 
rad  per  minute,  and  the  total  accumulated  dose  was 
1.0  rad.  Figure  11  shows  the  frequency  shift 
(Af/f)  as  a  function  of  time  for  three  different 
values  of  proton  beam  energy.  The  quartz 
resonators  subjected  to  the  proton  beam  were 
shielded  by  multiple  layers  of  aluminum,  copper, 
glass,  and  foam  enclosures.  The  total  equivalent 
aluminum  shielding  thickness  was  calculated  to  be 
6.3  gm/cm^.  The  minimum  proton  energy  needed  to 
penetrate  this  shielding  material  was  calculated 
to  be  approximately  77  MeV'*.  As  shown  in  Fig.  11, 
the  resonator  frequency  shift  (Af/f)  is  negligible 
for  70  MeV  protons.  This  confirms  the  pretest 
prediction  that  protons  need  an  energy  level 
greater  than  77  MeV  in  order  to  penetrate  the 
resonator  shielding.  The  test  results  also 
confirm  that  the  frequency  shift  was  not  caused  by 
effects  in  the  oscillator  electronics,  since  the 
oscillator  electronics  were  not  shielded  against 
the  proton  beam. 


Fig.  1 1  Frequency  shift  of  resonator  33820  as  a  function  of 
proton  energy. 


Proton  Radiation  Test  Data  Analysis 

In  conclusion,  the  data  from  the  proton 
radiation  tests  showed: 

1.  An  excellent  correlation  exists  between 
low  level  proton  and  gamma  radiation  sensitivities 
of  a  given  resonator. 
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2.  At  a  given  high  accumulated  dose  for  each 
resonator  there  is  a  significant  decrease  in 
radiation  sensitivity  to  both  proton  and  gamma 
radiation  (refer  to  Figs.  1  and  12). 

3.  The  response  of  a  given  resonator  to 
proton  radiation  is  both  accumulated  dose  and  dose 
rate  dependent  (refer  to  Fig.  12). 

CONCLUSIONS 

The  primary  effect  of  high  level  gamma 
radiation  (<  50  krads)  on  the  operation  of  a 
quartz  resonators  is  a  change  in  its  operating 
frequency.  The  direction  of  this  frequency 
coefficient  is  normally  negative.  However,  posi* 
ti ve  frequency  coefficients  are  not  uncommon.  The 
magnitude  of  the  frequency  offsets  (af/f)  vary  for 
each  resonator  and  may  be  as  great  as  1  x  10"'  for 
a  30  krad  exposure.  The  radiation  sensitivity, 
(Af/f)  per  unit  of  radiation,  for  a  given  resona¬ 
tor  normally  becomes  much  less  as  the  radiation 
dose  accumulates.  This  effect  indicates  that 
preconditioning  (-  20-50  krads)  of  a  resonator 

reduces  radiation  sensitivity. 

The  data  from  the  high  level  gamma  radiation 
tests  indicate  there  is  a  correlation  between  the 
radiation  sensitivity  of  a  particular  resonator 
and  the  parent  quartz  bar  from  which  it  was  manu¬ 
factured.  Resonators  made  from  a  given  bar  of 
parent  quartz  all  show  radiation  sensitivities 
which  are  consistent  in  magnitude  when  subject  to 
exposure  of  20  to  30  krads. 

The  primary  effect  of  low  level  gamma  and 
proton  radiation  on  the  operation  of  a  quartz 
resonator  is  a  change  in  its  operating  frequency. 
The  direction,  magnitude,  and  character  of  these 
radiation  induced  frequency  shifts  are  not 
comparable  to  the  frequency  shifts  produced  by 
high  level  radiation  exposure  and  therefore  cannot 


be  predicted  from  the  review  or  extrapolation  of 
high  level  radiation  data.  Each  resonator  has  a 
radiation  character  of  its  own,  which  we  refer  to 
as  a  signature.  All  of  the  resonators  which  we 
tested  could  be  grouped  into  one  of  four  recogniz¬ 
able  signatures.  The  radiation  induced  frequency 
changes  resulting  from  a  4  rad  exposure  ranged 
from  1  X  10**^  to  1  X  10“®  (Af/f  per  rad).  The 
majority  of  resonators  showed  a  net  positive  fre¬ 
quency  change  as  a  result  of  a  4  rad  exposure. 

The  low  level  radiation  test  results  strongly 
support  a  correlation  between  the  radiation 
sensitivity  (Af/f  per  rad)  of  a  particular 

resonator  and  the  manufacturing  lot  in  which  it 
was  made.  This  fact  requires  further  investi¬ 
gation  into  the  effect  of  resonator  processing  on 
the  resonator  radiation  sensitivity.  No 

correlation  could  be  found  with  any  other 

resonator  variable.  These  include  parent  quartz 
bar,  bar  section,  aluminum  content,  Q,  turning 
point  temperature,  resistance,  and  aging. 

The  signature,  magnitude,  and  direction  of 
frequency  changes  resulting  from  low  level  gamma 
and  proton  radiation  are  nearly  identical  for  a 
given  quartz  resonator.  This  indicates  that  the 
radiation  induced  frequency  changes  are  primarily 
ionization  effects,  and  that  gamma  radiation  data 
for  low  level  radiation  exposures  can  be 
accurately  used  to  predict  the  performance  of  a 
resonator  when  subjected  to  proton  radiation. 


Acknowledgements 

The  authors  acknowledge  Messrs.  P.  E. 
Partridge,  R.  H.  Maurer,  and  E.  C.  Martin  of  the 
Applied  Physics  Laboratory  and  A.  Koehler  and 
B.  Gottschalk  of  Harvard  University  for  their  many 
helpful  technical  discussions  and  use  of  their 
respective  radiation  facilities. 


71 


References 


1.  T.  M.  Flanagan,  "Hardness  Assurance  in  Quartz 
Crystal  Resonators,"  IEEE,  Transactions  on 
Nuclear  Science,  NS-21,  p.  390  {1974). 

2.  J.  J.  Martin,  et  al.,  "Radiation  -  Induced 
Mobility  of  Interstitial  Ions  in  Synthetic 
Quartz,"  Proceedings  of  the  33rd  Annual 
Symposium  on  Frequency  Control,  p.  134  (1979). 


3.  A.  M.  Koehler,  "The  Harvard  Cyclotron  Labora¬ 
tory,"  IEEE,  Transactions  on  Nuclear  Science, 
NS-28,  p.  2642  (1979). 

4.  H.  Bichsel,  "Passage  of  Charged  Particles 
through  Matter,"  The  American  Institute  of 
Physics  Handbook,  D.  E.  Gray,  Editor,  McGraw 
Hill,  New  York,  Chapter  8,  pp.  20-47  (1972). 


72 


38th  Annual  Frequency  Control  Symposium  -  1 984 


THE  VIBRATION  SENSITIVnY  OF  VHP  QUARTZ  CRYSTALS 
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Abstract 


This  paper  relates  to  the  phase-noise 
degradation  of  VHF  crystal  oscillators  when  subjected 
to  vibration.  Increased  phase  noise  reduces  the 
performance  of  the  pulse  doppler  radar  in  current 
missile  seekers. 

A  performance  summary  is  presented  for  a  large 
number  of  commercially  available  SC-cut  crystal,  and 
some  internally-fabricated  AT-cut  crystals  wh«.n 
subjected  to  sinusoidal  vibration.  Four  groups  of 
crystals  on  3-  and  4-post  supports  with  0°  and  45° 
orie  ation  between  crystal  and  support  post  axes 
were  ;amined.  Following  vibration  tests,  all 
crystal  units  were  disassembled,  optically  inspected, 
stripped,  and  their  crystallographic  axes  were 
precisely  determined.  The  SC-cut  crystals  were 
procured  in  two  groups,  separated  by  a  nine  months 
period  to  examine  the  reproducibility  of  the  detailed 
performance. 

The  vibration-induced  phase  noise  of  these 
crystals  may  be  summarized  as  follows.  Crystal 
resonators  supported  on  four  posts  showed  lower 
vibration  sensitivity  coefficient  F.  than  those 
mounted  on  three  posts.  The  average  for 
each  4-post  group  ranged  from  3.25  to  4.37  in  units 
of  10-10/g,  while  the  3-post  group  varied  between 
4.65  to  10.86.  The  F  variations  within  each  group 
were  much  wider.  The  maximum  F  axis  (worst  case) 
observed  earlier  was  not  reproduced  in  the  later 
crystal  procurement  group.  The  AT-cut  crystals  on 
Hughes-developed  soft  4-post  supports  showed  an 
average  of  2.61  x  10-10/g,  and  varied  between  1.2 
and  3.7  for  seven  tested  crystal  units. 

Theoretical  predictions  were  compared  with 
these  results  for  in-plane  acceleration  on  idealized 
supports  and  for  stress  coefficient.  A  theoretical 
comparison  of  the  practically-imposed  and  idealized 
support  boundary  conditions  sheds  new  light  on  the 
disparity  between  the  measured  results  and  theory 
that  predicts  a  F  =  3xl0-i1/g  for  the  4-post 
supported  crystal  plate. 

Introduction  and  Summary 


VHF  crystals  and  crystal  oscillators  for 
tactical  missiles  fall  into  a  special  class  of 
components  that  require  substantial  improvement  if 
their  performance  is  to  keep  pace  with  new  systems 
requirements.  The  stability  of  crystal  oscillators 
in  the  100  HHz  range  when  subjected  to  vibration 
should  not  significantly  degrade  the  signal 
sensitivity  of  the  coherent  radar  receiver  relative 
to  its  quiescent  performance.  To  the  extent  that 
this  is  not  the  case,  the  receiver  sensitivity  and 
the  doppler  range  are  proportionately  degraded. 
Although  crystal  resonator  technology  spans  over  at 
least  three  decades,  relatively  little  attention  has 
been  focused  in  this  area. 


When  an  otherwise  stable  crystal  oscillator  is 
subjected  to  steady  acceleration,  its  instantaneous 
frequency  fp,  changes  in  accordance  with  the 
acceleration  sensitivity  coefficient  F(l).  In 
general,  F  is  a  vector  that  depends  in  a 
complicated  manner  on  the  orientation  of  the 
anisotropic  crystal  platelet  as  well  as  on  the 
platelet's  orientation  and  fastening  to  the  support 
structure. (2)  The  literature  contains  ample 
information  on  the  measured  performance  of  crystal 
oscillators,  subjected  to  the  static  2g  tip-over 
test. (4. 5. 6)  These  studies  are  for  the  most  part 
confined  to  the  measurement  of  the  small  signal  F 
in  low  frequency  crystal  resonators  below  10  MHz  via 
this  static  test.  Some  vibration  pertormance  of  VHF 
crystal  oscillators  has  also  been  reported 
recently. (7) (8) 

Vibration  frequencies  to  which  VHF  oscillators 
may  be  subjected  in  a  missile  environment  extend  from 
DC  (constant  acceleration  represented  by  the  2g 
tip-over  test)  through  the  radar  doppler  range  up  to, 
say  50  KHz.  The  instantaneous  frequency,  fp,  is 
then  modulated  at  the  vibration  frequency,  yielding 
an  FM  spectrum  of  magnitude  that  tends  to  degrade  the 
phase  noise  performance  of  the  oscillator  in 
accordance  with  F.  Experimentally  the  vibration 
sensitivity  coefficient  is  usually  determined  from 
spectrum  analyzer  measurements,  as  in  equation  1, 


P  /20 

F  =  [2f^/(fp  G))  10  ,  (1) 


where  f^  -  the  sinusoidal  vibration  frequency, 
fo  =  the  oscillator  frequency  (=100  MHz) 

G  =  the  peak  vibration  amplitude  in  units 
of  g  (9.8  m/sec2) , 

Pss  =  the  single-sideband  phase  noise  power 
observed  on  the 

spectrum  analyzer,  relative  to  the 
oscillator  power. 


The  noise  output  from  the  oscillator  with  and  without 
vibrational  excitation  may  be  separated  into  two 
general  groups,  characterized  by  the  frequency 
dependence  of  that  noise,  as  is  schematically  shown 
in  Figure  1.  Noise  close  to  the  coherent  oscillator 
frequency  (phase  noise)  usually  exhibits  f^^” 

dependence,  up  to  a  "cross  over"  frequency  fc  - 
fo/0,  where  fm  is  the  modulation  or  vibrational 
frequency  and  Q  is  the  resonator  quality  factor.  The 
range  of  n  is  such  that  3>n>l.(9)  This 
frequency  dependent  noise(9)  is  due  to  flicker 
(n>=l)  and  white  (n=2)  noise  generation  within  both 
crystal  and  circuit. 


Beyond  fj,  the  "noise  floor"  is  for  the  most 
part  electronic  noise,  generated  by  a  combination  of 
shot  and  white  noise  sources  in  the  amplifying 
portion  of  the  circuit. 


The  vibration-induced  noise  In  this  otherwise 
frequency-independent  noise  floor  range  consists  in 
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part  of  discrete  spurious  peaks,  as  Indicated 
schematically  in  Figure  1,  that  are  usually  the 
result  of  crystal  and  support  resonances.  The 
subject  of  these  resonances  (plate  modes)  Is  treated 
separately  elsewhere(lO) . 


Figure  1.  Oscillator  Noise;  Oefinition  of 
distinct  Regions . 

This  paper  summarizes  the  performance  of,  for 
the  most  part,  commercially  available  SC-cut  crystals 
when  subjected  to  vibration.  The  motivation  for  the 
study  was  the  hope  of  discovering  trends  that  might 
lead  to  an  improved  understanding  of  the  large 
discrepancy  that  persists  between  predicted( 1 1 )  and 
observed(6)  performance.  The  results  of  an 
18-month  effort  on  45  crystals  (38  SC-cut,  7  AT-cut) 
are  reported,  discussed  and  compared  with  available 
theoretical  predictions. 

Three  groups  of  SC-cut  crystal  resonators,  each 
unique  in  its  relative  support  structure  to  crystal 
orientation,  on  three-  and  four-post  supports  were 
examined.  One  group  of  AT-cut  crystals  on  ^ 

Hughes -developed  four-post  support  conf  igur<,vion  was 
also  studied  under  vibration.  All  crystals  were 
close  to  100  MHz  in  frequency,  utilized  the  5th 
overtone  thickness-shear  mode  of  vibration  and  were 
encapsulated  in  a  T05  enclosure.  The  SC -cut  crystals 
were  procured  and  tested  in  two  groups  with  a  nine 
month  separation  between  groups  to  examinate  the 
reproducibility  of  the  detailed  performance.  All 
crystals  were  tested  under  vibration  in  the  same 
oscillator  package,  that  had  been  modified  and 
adapted  to  replace  crystals  easily  and  without  the 
possibility  of  microphonic  effects  that  might  degrade 
the  performance. 

All  crystals  were  examined  under  sinusoidal 
vibration  at  discrete  frequencies  between  80  and 
2000  Hz,  in  the  same  phase  noise  test  set,  developed 
for  this  purpose,  using  the  phase  locking  technique. 
Subsequent  to  the  vibration  testing  sequence,  all 
SC-cut  crystals  were  removed  from  the  T05  enclosure. 
Inspected  for  assembly,  mounting  and  adhesive 
uniformity  as  well  as  for  lithography  control. 


the  theoretical  prediction,  could  be  reduced  to 
practice,  substantial  immunity  from  vibration  might 
result  in  the  phase  noise  performance  of  these  quartz 
resonators . 


experimental  Results 

The  crystal  plates  were  evaluated  sequentially 
a)  to  ascertain  their  phase  noise  sensitivity  to 
vibration  r,  b)  to  obtain  optical  views  of  the 
crystal  fabrication  and  assembly  processes  inside  the 
T05  enclosure,  particularly  with  respect  to  the 
electrode  metallization  and  epoxy  adhesive 
distribution  and,  c)  to  determine  the  precise 
crystallographic  orientation  of  the  two  rotation 
angles  of  the  SC-cut.  The  motivation  of  the 
three-fold  evaluation  was  to  seek  correlation  between 
the  elastic  as  well  as  mechanical  constraints  of  the 
crystal  platlets  and  their  respective  T's.  The 
parameters  represented  by  these  three  groups  are 
listed  in  Table  1 . 


TABLE  1 .  CRYSTAL  GROUP  PARAMETERS 
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45 
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Vibration-Induced  Phase  Noise 


Subsequent  to  an  operational  check  and 
preliminary  phase  noise  measurements  in  the  quiescent 
state,  all  crystals  were  subjected  to  vibration  in 
three  mutual ly-perpendicular  axes.  The  z-axis, 
normal  to  the  package  plane  is  also  normal  to  the 
crystal  platelet  plane  in  all  units.  The  results  of 
these  extensive  tests  are  presented  in  Table  2-5, 
inclusive. 


TABLE  2.  SC-CUT  CRYLSTAL  GROUP  1 
(96.56  MHz,  5TH  O.T.) 
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Finally,  the  crystal  orientation  angles  of  the 
doubly-rotated  quartz  plates  were  determined  with  the 
aid  of  the  laser-assisted  precision  x-ray  niometer 
developed  with  ERAOCOM  support. (12) 

The  detailed  results  of  this  study  in  its 
several  aspects,  and  a  comparison  with  predictions  as 
well  as  conclusions  constitute  the  major  topics  of 
this  report.  The  results  suggest  that  If  the 
Idealized  resonator  support  conditions,  assumed  In 


In  each  table,  X,  Y,  Z  are  the  vibration 
sensitivity  coefficients  pertinent  to  these  three 
vibration  axes  and  T  Is  their  geometric  mean, 
expressed  In  units  of  10-10/g.  The  algebraic  mean 
r,  and  the  RMS  deviation  o,  are  also  calculated 
for  each  group.  (X  MAX)  denotes  the  fraction  of 
resonators  (In  percent)  for  which  the  largest  T  was 
observed  along  a  particular  axis.  Thus,  In  Table  2, 
for  example,  F  Is  quite  constant  for  the  two 
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procurement  periods.  However,  while  a  1s  somewhat 
greater  for  the  later  period,  the  trend  (%  MAX)  is 
completely  reversed  between  the  1982  and  1983 
crystals  of  Group  1 . 
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TABLE  4.  SC-CUT  CRYSTAL  GROUP  3 
(96.56  MHz,  5TH  O.T.) 
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Similar  observations  may  be  obtained  on 
examination  of  Tables  3  and  4.  The  3-post  supported 
plates  of  both  periods  in  Group  2  showed  consistently 
inferior  performance.  The  axis  of  worst  case  T  was 
not  consistent  from  one  procurement  period  to  the 
next,  as  shown  by  comparing  the  relevant  crystal 
groups  in  Tables  2  and  3.  No  comparison  of  this  type 
was  possible  for  Group  3  crystals.  The  lowest  values 
of  r  aP"*  a  were  obtained  with  the  AT-cut  crystal 
group  l.sted  in  Table  5.  Aside  from  the  different 
crystal  orientation,  crystals  in  this  group  are 
cemented  in  place  with  a  resilient  silicone-rubber 
adhesive  on  each  of  the  four  posts.  In  excess  of 
80  percent  of  the  crystal  units  in  this  group 
exhibited  a  worst-case  axis  of  r  normal  to  the 
platelet,  in  agreement  with  prior  results. (5) 


TABLE  5.  AT -CUT-CRYSTAL  GROUP 
(106.3  MHz,  5th  O.T.) 


Resonator  Inspection 

Subsequent  to  the  completion  of  operational 
tests  on  all  crystal  units  (phase  noise  with  -  and 
without  vibration),  the  T05  enclosures  were  opened, 
the  crystals  extracted  from  the  support-post 
structure  and  chemically  etched  to  remove  all 
metallization  and  remnant  epoxy  adhesive.  In  this 
disassembly  sequence,  optical  inspection  took  place 
at  every  step  and  a  number  of  features  were  recorded 
which  might  contribute  to  a  correlation  between 
assembly  variations  and  performance.  The  observable 
features  are  listed  below; 


a) 

relative  orientation  between  support  post 
axis  and  crystallographic  axes  (angle  a). 

b) 

electrode  metallizaticn  geometry  and 
alignment  with  crystallographic  axis  and  a. 

c) 

electrode  registration  between  top  and 
bottom  of  platelet. 

d) 

amount  and  distribution  of  epoxy  adhesive  at 
all  posts. 

e) 

general  defects  and  flaws. 

The 

features 

general  observations  on  each  of  these 
follow. 

a) 

Angle  a  was  observed  by  noting  the 

deviation  from  the  ground  peripheral  flat  on  each 
platelet  and  prior  information  obtained  from  the 
procurement  sources.  In  general,  deviation  from  the 
mean  (see  Tables  2-4)  were  found  to  be  well  within 
ill"  for  most  assemblies  of  groups  1  and  3  (4 
posts).  Somewhat  larger  deviations  were  noted  for 
group  2  (3  posts),  b)  The  geometry  of  electrode 
metallization  (Au  or  Al)  appeared  to  be  quite  uniform 
on  all  platelets  and  alignment  of  the  electrode  axes 
with  the  post  location  was  quite  symmetrical,  c) 

The  electrode  registration  of  top  and  bottom  circular 
metallization  that  forms  the  high  electric-field 
region  of  the  resonator  showed  substantial  deviation 
in  the  earlier  crystal  set  of  group  1,  but  improved 
substantially  in  the  later  set  of  that  group,  after 
registration  masking  was  introduced  to  the 
metallization  process,  d)  In  all  assemblies  the 
extent  of  the  conductive  epoxy  adhesive  areas 
distributed  over  a  nominally  +25  mil  peripheral  area 
at  each  support  post,  with  deviations  in  some  units 
extending  to  +35  mils  (+12°).  Considerable  variation 
in  total  amount  and  spatial  distribution  of  the  epoxy 
adhesive  areas  generally  observed,  e)  All  units 
appeared  to  be  free  from  particulate  matter  and 
defects . 

All  crystal  platelets  were  identified 
individually  so  that  their  particular  history  could 
be  traced  with  subsequent  precision  orientation 
measurements . 


Precision  X-Rav  Orientation 

All  SC -cut  crystal  plates  described  in  this 
report  were  evaluated  as  to  the  precise 
crystallographic  orientation  of  angles  4>  and  0 
that  determine  the  doubly-rotated  plane.  Precision 
measurements  were  performed  with  the  laser-assisted 
double  X-ray  goniometric  technique,  developed 
particularly  for  this  function  through  USA  ERAOCOM 
sponsorship.  The  results  for  both  procurements  are 
summarized  in  Tables  6  and  7  where  the 
Turn-Over-Temperature  (T.O.T.)  has  been  included  for 
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completeness.  This  additional  Information,  though 
not  relevant  to  the  present  emphasis,  may  be  of  use 
to  evaluate  T.O.T.  reproducibility.  Each  measurement 
represents  the  average  value  and  RMS  deviation  a  of 
ten  Individual  readings,  so  that  the  expected  error 
In  each  measurement  Is  o/yTo,  or  approximately 
10-4.  The  averaging  technique  was  used  to  minimize 
probable  errors  that  arose  from  manipulating  the 
Inordinately  small  crystal  platelets  for  which  the 
crystal  holder  of  the  Instrumentation  was  not 
optimally  designed.  In  the  1983  procurement,  this 
error  was  reduced  two  times  by  a  more  compatible 
crystal  holder,  though  this  fact  cannot  be  deduced 
from  a  comparison  of  the  two  tables. 

TABLE  6.  PRECISION  X-RAY  ORIENTATION  RESULTS 
(1982) 
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TA8LE  7.  PRECISION  X-RAY  ORIENTATION 
RESULTS  (1983) 
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other  than  crystallographic  orientation  variations 
for  an  explanation  of  the  demonstrated  behavior. 


Comparison  with  Theoretical  Results 

Recent  theoretical  results(ll)  for  In-plane 
acceleration  In  doubly-rotated  cuts  of  quartz  predict 
substantially  Improved  performance  under  acceleration 
(vibration)  that  was  demonstrated  above.  A  summary 
of  the  theoretical  results  are  shown  In  Figure  2, 
where  the  two  Important  cases  of  three-  and  four-post 
supported  SC-cut  quartz  plates  are  combined.  The 
theory  Is  based  on  Idealized  point  supports  at  each 
post,  where  the  exact  location  of  each  support  Is 
applied  In  the  median  plane  of  the  thin  quartz 
plate. n4)  For  a  given  support  orientation  angle 
a  with  respect  to  the  crystallographic  axes  of  the 
quartz  plate,  P  varies  sinusoidally  with  a  180° 
period,  as  the  acceleration  vector  rotates  through 
one  complete  revolution.  The  maximum  P  varies  for 
each  particular  a  and  this  functional  behavior  Is 
plotted  In  Figure  2  for  both  3-  and  4-post  support 
post  cases  and  for  crystal  parameters  appropriate  to 
the  experimental  plates.  The  theoretical  predictions 
clearly  present  the  4-post  support  structure  as  the 
preferred  case,  because  of  a)  lower  minimum  and 
overall  P^ax  ^nd  b)  the  broad  valley  of  low 
Pmax  centered  at  a=45°. 


'  SOM  ‘.A.,  SC  COT  ANGLES  «  •  32  4^  A  ■  34  3^ 

2  temperature 

A  cursory  examination  of  both  tables  shows  the 
surprisingly  small  angular  spread  In  all  cases, 
approximately  20  mlllldegrees  for  the  1983  units  and 
slightly  larger  for  the  earlier  set.  All  crystals, 
with  the  exceptions  of  those  In  group  2  (2  posts)  are 
quite  close  to  the  angles  of  the  stress  compensated 
condition,  for  which  the  stress  coefficient  K 
(10-11  cm2/dyne)  Is  zero. (13)  To  date  a  direct 
relationship  between  K  and  P  has  not  been 
established.  For  group  2  crystals,  K  -  -0.02,  while 
for  all  others  KC  ♦■0.011  and  these  values  persisted 
throughout  the  two  procurement  periods.  In  light  of 
the  Inconsistent  results  for  the  vibration 
sensitivity  for  the  two  periods  (nearly  complete 
reversal  of  maximum  P  direction  In  some  cases  from 
1982  to  1983)  It  would  seem  that  one  must  look  to 


Figure  2.  Theoretical  Worst  Case  Vibration 
Sensitivity,  P  of  SC-Cut  Crystal 
Plates  for  Idealized  Support 
Structure  Versus  Support  Orientation 
Angle  a;  (-— )  3  POSTS,  (  — -) 

4  POSTS 

The  angle  o  Is  referenced  to  the  xi  crystal 
axis,  synonymous  with  the  projected  x-axIs  In  quartz 
that  Is  often  Identified  by  a  small  flat  ground  edge, 
normal  to  x  on  the  quartz  plate  perimeter.  As  an 
example,  for  the  case,  a=0  (groups  1  and  2  of  the 
experimental  samples)  the  worst  case  (Pmax 
units  of  10-10/g)  Is  predicted  to  be  approximately 
7.0  and  0.5  for  the  three-  and  four-post  cases, 
respectively,  for  In  plane  acceleration  along  xj . 
Similarly  a  Pmax  -  0.25  Is  estimated  for  the  case 
a-45*  (group  3,  1983)  and  the  acceleration  vector 
along  xi .  Out -of -plane  acceleration  has  not  been 


computed  to  date. (I 'I J  Therefore,  it  is  not  known 
whether  the  computed  cases  represent,  in  fact,  the 
worst  case  situation.  The  computation  in  Figure  2 
assume  that  one  of  the  four  posts  is  placed  in  error 
by  0.5®.  This  is  believed  to  cause  the  observed 
assymmetry  in  the  relevant  curve,  in  addition  to  some 
degradation  in  T  near  the  two  minima  at  0°  and 
45®. (14) 

The  theoretical  results  are  compared  with  our 
experimental  performance  of  SC-cut  crystals  in 
Figures  3-5,  and  the  AT-cut  crystal  cases  are  added 
in  Figure  3  for  completeness.  The  individual  crystal 
F's  are  shown  there  (1982  results),  identified  by 
the  letter  (x,  for  example)  that  denotes  the 
direction  along  which  the  oscillator  was  vibrated  in 
that  case.  The  group  1  samples  show  qualitative 
agreement  with  theory  for  the  worst  case  axis  (x), 
but  varies  widely  while  the  mean  value  Tg  (4.06) 
is  ten  times  the  predicted  value  of  0.5.  From  a 
quantitative  point  of  view,  the  1983  results  for  the 
4-post  supported  plates  show  similar  behavior  as  is 
seen  from  Figure  4.  The  group  1  results  (a=0)  show 
again  large  distribution  in  T.  The  important 
difference  lies  in  the  nearly  complete  reversal  of 
worst  case  F  that  is  now  normal  (out -of-plane)  to 
the  crystal  plate  and,  therefore,  at  variance,  with 
the  computed  results.  The  group  3  behavior  is  quite 
similar  both  in  the  observed  spread  in  F  as  well  as 
in  the  deviations  from  the  predicted  worst  case  axis. 


Figure  3.  Vibration  Sensitivity  Results  -  Group  1, 
1982;  F  =  fo(d/m)  Kg  =  2.2  x  104  Kg 
fo  =  100  MHz;  d  =  0.250",  m  =  5;  Ref  (11) 

The  experimental  results  for  the  3-post  case 
(Figure  5)  appear  to  be  in  reasonable  agreement  with 
predictions.  Comparable  agreement  has  been  reported 
previously  for  large,  low-frequency  (5  MHz)  SC -cut 
resonators( 1 1 )  as  is  indicated  on  the  figure. 

However,  no  experimental  results  are  available  for 
the  case  of  x  =  -15®  where  a  minimum  F^ax  =  0-5  » 
10-10/g  is  predicted. 

Discussion 

A  summary  of  all  relevant  experimental  results 
is  presented  in  Table  8.  It  is  observed  that  on  the 
average,  the  AT-cut  crystal  group  attained  the  lowest 
vibration  sensitivity.  The  distinguishing  feature  of 
that  group  is  the  adhesive,  a  soft  silicone-rubber 
like  substance  that  remains  resilient  after  the 
curing  cycle.  The  possible  bearing  of  this  fact  on 
the  results  will  be  discussed  below. 


Figure  4.  Vibration  Sensitivity  Results  -  Groups  1 
and  3,  1983;  F  =  Fq  (d/m)  Kg  -  2.2  x 
104  Kg,  fg  =  100  MHz,  d  =  0250", 
m  =  5;  Ref  (11 ) 


Figure  5.  Vibration  Sensitivity  Results  -  Group  2, 
1982/3;  F  =  fo  (d/m)  Kg  =  2.5  x  104  Kg, 
fo  =  100  MHz,  d  =  0250"  5;  Ref  (11) 


TABLt  8.  SUMMARY  OF  EXPERIMENTAL  RESULTS(I) 
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A  cursory  examination  of  the  experimental 
results  shows  little  evidence  of  a  recognizable  trend 
from  which  promising  directions  toward  Improvement  in 
the  vibration  sensitivity  might  be  elicited.  The 
experimentally  derived  Fg  in  Table  8,  shows 
little  dependence  on  any  recognizable  parameter. 

What  is  most  graphically  shown,  however,  is  the 
apparent  superiority  of  the  4-post  support  structure 
vis-a-vis  three  posts.  In  some  respects  the  present 
study  on  small  VHF  crystals  is  consistent  with 
earlier  more  extensive  work  on  large,  low  frequency 
SC -cut  crystal  units  (6).  Both  studies  shows  that 
thinner  crystals  with  correspondingly  higher 
frequencies  yield  lower  F.  The  notion  that  the 


77 


stress  coefficient  K,  which  depends  on 
crystallographic  orientation  might  bear  some  relation 
to  r  is  not  supported  in  the  present  work.  Indeed, 
for  the  same  angles  of  the  doubly-rotated  cut,  quite 
different  directional  F  results  were  obtained  from 
the  two  procurement  lots  that  were  produced  nearly 
twelve  months  apart. 

Comparison,  insofar  it  is  possible,  between  the 
SC-cut  and  the  locally-produced  AT-cut  group  shows 
that  the  latter  group  is  superior  in  a  statistically 
significant  way.  The  most  obvious  difference  between 
that  group  and  the  SC -cut  groups  lies  in  the  manner 
by  which  the  quartz  plates  are  secured  to  the 
individual  support  posts.  Whereas  the  externally 
procured  crystal  units  feature  a  captured  plate 
cemented  with  somewhat  rigid  conductive  epoxy,  the 
AT-cut  plates  are  secured  by  a  soft  silicone 
rubber-like  cement  to  the  top  of  four  platforms.  The 
precise  manner  in  which  this  relatively  benign 
support  affects  the  vibration  sensitivity  is  not 
known.  Theoretical  computations,  for  the  AT-cut, 
similar  to  those  described  earlier  for  the  SC-cut 
have  not  been  carried.  Thus  there  are  no  guide  lines 
from  which  to  gain  a  sense  of  direction. 

If  the  described  analytical  formalism  is  taken 
at  face  value,  it  might  prove  profitable  to  examine 
the  idealized  boundary  conditions  and  compare  these 
with  what  is  implemented  in  practice.  Figure  6 
attempts  to  illustrate  this  comparison.  Top  and  side 
views  of  the  plate  perimeter  are  shown  in  schematic 


Figure  6.  Ideal  and  Practiced  Support 

Conditions;  the  Arrow  Represents 
the  Idealized  Support  Assumed  in 
the  Theoretical  Computations 


form.  The  idealized  support  boundary  conditions, 
represented  by  the  solid  arrow,  apply  a  point 
constraint  in  the  central  plane  and  along  a  diameter 
of  the  plate.  The  practically  implemented  support 
represented  by  the  epoxy  is  shown  distributed 
laterally  over  a  +12*  angular  range  and  covering  the 
entire  vertical  cross  section  of  the  plate 
thickness.  Even  this  schematic  representation  is 
largely  idealized,  because  the  final  extent  of  the 
manually-applied  epoxy  adhesive  is  not  well 
controlled  in  practice  permitting  some  spatially 
dependent  stress  to  be  applied  over  a  +12°  sector, 
subsequent  to  the  curing  procedure.  Finally,  the 
uniformity  of  the  encapsulating  cement  region  and 
stress  condition  at  each  of  the  four  posts  is  only 
approximate,  subject  to  variation.  An  examination 
of,  for  example.  Figure  4,  shows  the  large  variation 
of  the  theoretical  F  that  results  from  a  change  in 
a  near  the  minimum  point  at  o=0.  A  +12* 
variation  raises  the  theoretical  F^^x  f’V  nearly 
10  fold.  Intuitively,  one  might  suspect  that  the 
variation  in  boundary  conditions  spatially  within 
each  post  region  as  postulated  above  and  coupled  with 


comparable  variations  between  posts,  might  well  tend 
to  cancel  the  "stress-compensation”  feature  that  is 
required  to  produce  the  promising  theoretical 
vibration  performance  predicted  for  the  SC -cut.  The 
effect  of  the  distribution  and  extent  of  the  epoxy 
adhesive  on  the  mode  frequency  of  plate  modes  excited 
in  such  quartz  resonator  and  supported  in  this  manner 
has  recently  been  demonstrated .( 10)  In  this 
referenced  study,  the  resonant  frequency  of  the 
fundamental  plate  mode  is  raised  by  in  excess  of  30 
percent  if  a  distributed  epoxy  support  is  assumed 
rather  than  a  point  support. 


Figure  6  reveals  a  second  significant 
characteristic  of  the  idealized  support  that  is  not 
met  in  practice.  The  ideal  support  is  attached  in 
the  median  plane  of  the  quartz  plate,  representing  a 
symmetrical  boundary  condition.  Present  practice  in 
crystal  assemblies  features  exclusively  an 
assynwn'Lr  ical  support  (from  one  side  only).  The 
precise  effect  of  symmetrical  support  is  not  clear  at 
this  juncture.  Pertinent  computations  have  not  been 
carried  out  to  date  that  show  the  lack  of  symmetry 
effect  on  the  vibration  sensitivity  F  versus  a, 
comparable  to  Figures  3  and  4.  However,  symmetry  in 
a  variety  of  elastic  and  electromagnetic  system  leads 
to  the  reduction  of  permissible  modes. (15)  in 
turn,  the  excitation  of  modes  is  reduced  and  possibly 
reduces  vibration-induced  phase  noise  in  the 
symmetrical  crystal  support  configuration. 
Unpublished,  related  work  suggests  that  a  symmetrical 
support  substantially  reduces  F  relative  to  the 
normal  assymmetrical  support  structure. (16) 

Table  9  summarizes  relevant  experimental  results, 
where  Fr|i^5  is  tabulated  for  plano-convex  5  MHz, 

5th  overtone  (mostly)  AT-cut  resonators  in  various 
configurations. 


TABLE  9.  EFFECT  OF  CRYSTAL  CUT  &  SUPPORT  ON  F(l) 
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A  comparison  of  Group  three  (three  samples)  with 
Group  six  (two  samples)  in  Table  9  shows  that  under 
the  same  constraints,  the  symmetrical  (S)  plate 
support,  normal  (N)  to  the  resonator  plane  results  in 
a  ten  times  lower  F  as  compared  to  assymmetrical 
support.  Further  support  for  this  premise  is  offered 
by  Group  one  result.  The  parallel  (to  the  resonator) 
support  may  be  considered  symmetrical  as  well  because 
its  effective  support  occurs  in  the  resonator  median 
plane.  The  Frhs  of  group  is  also 
considerably  reduced  as  compared  to  Group  three  (five 
times) . 
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One  further  Inference  may  be  drawn  from  Table  9, 
with  respect  to  a  comparison  between  AT-  and  SC -cut 
resonators  of  otherwise  Identical  designs.  The 
Frms  of  the  SC-cut  plate  is  substantially  lower 
than  of  the  AT-cut  plate  in  the  same  configuration 
and  of  the  same  frequency  (2.5  times). 

Conclusions 

The  phase-noise  sensitivity  to  vibration.  T  of 
present  state-of-the-art  VHP  quartz  crystal 
resonators  with  SC-Cut  Orientation  is  at  least  ten 
times  (20  db)  greater  than  the  theoretical  model  of 
the  four-post  support  plate  predicts.  The  present 
support  structure  of  the  resonator,  rather  than  the 
crystal  plate  itself,  may  be  responsible  for  the 
discrepancy.  It  is  suggested  that,  if  the  idealized 
support  structure  were  at  least  in  part,  reduced  to 
practice,  substantial  reduction  in  phase-noise 
sensitivity  to  vibration  might  result  in  VHP  quartz 
crystal  resonators. 
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Summary 

Systems  for  precise  navigation,  secure  communi¬ 
cations,  Identification,  synchronization,  and  many 
other  applications  require  frequency  sources  of  high 
stability  and  very  good  spectral  purity.  It  has 
become  increasingly  important  for  such  systems  to 
maintain  high  performance  under  both  dynamic  and 
static  conditions.  A  crystal  oscillator  which 
serves  as  the  stable  frequency  source  in  a  dynamic 
tactical  environment  is  required  to  have  extremely  low 
sensitivity  to  acceleration  forces  in  order  to  keep 
vibration-induced  sidebands  at  the  level  of 
5^(f)  -  '0"’^  X  f^,  for  '  g  input. 


To  achieve  this,  an  acceleration  sensitivity  of 
no  more  than  4  x  '0"'^  per  g,  for  vibration 
frequencies  up  to  2  kHz,  is  required.  A  number  of 
active  and  passive  compensation  techniques  show 
promise  of  reducing  the  overall  oscillator  sensitivity 
to  the  desired  low  level.  Active  compensation  is 
achieved  by  means  of  a  voltage  feedback  signal 
(proprotional  to  input  g)  generated  externally  and 
applied  to  the  oscillator  circuit  to  counteract 
acceleration-induced  frequency  shifts.  Passive 
methods  encompass  those  which  achieve  direct 
compensation  (via  a  second  resonator,  or  other 
element)  within  the  oscillating  loop. 


The  success  of  any  compensation  method  depends  on 
the  degree  to  which  the  intrinsic  resonator 
sensitivity,  f  ,  is  a  single,  symmetric  vector  quantity 
and  thus  amenable  to  complete  cancellation. 


Teat  methods  must  yield  a  fiduciary  marking 
system  to  allow  subsequent  alignment  exactly  parallel 
to  the  axis  of  the  compensating  element.  A  very 
sensitive  test  for  this  symmetry  is  to  plot  g-response 
in  the  plane  perpendicular  to  T  •  Results  of  dynamic 
measurements  are  presented. 


Introduction 


Precision  systems  for  navigation,  communications, 
network  synchronization  and  many  other  applications 
require  frequency  sources  of  high  stability  and  good 
spectral  purity.  High  performance  must  also  be 
maintained  in  an  adverse  dynamic  environment.  ' 

However,  the  frequency  of  a  crystal  reference 
oscillator  is  perturbed  by  accelleration  forces.  The 
response  is  described  by  a  factor,  r(  fractional 
frequency  shift  per  g),  and  manifests  itself  as 
vibration-induced  phase  noi.so  near  the  carrier 
frequency.  This  is  especially  troublesome  when 
frequency  multiplication  to  high  order,  n,  is 
involved.  In  that  case  noise  sidebands  scale  as 
20  log  n.  In  many  systems,  degradation  beyond 
-'00  dBc  at  '  Hz  (referred  to  5  MHz,  and  assuming 
'  g  peak  vibration  level)  can  not  be  tolerated. 

'Oee  Figure  '  ) . 

Starting  with  the  beat  available  low  r  rcs,>natnrs, 
a  general  approach  to  further  improvement  is  to 


compensate  for  these  effects  in  the  oscillator.  For 
the  purpose  of  this  discussion,  the  desired  phase 
noise  level  (for  '  g  input  over  a  frequency  range  to 
2  kHz)  i3X(f)  "  10-'^  f-2  or  better.  To 
achieve  this  requires  an  effective  compensated  of 
4  X  '0“'^  or  better.  This  in  turn  will  require 
a  sensitivity  reduction  factor  of  '00  or  more  for  most 
presently  obtainable  resonators. 

The  problem  is  made  tractable  by  the  vector 
nature  of  T,  which  permits  single-axis  compensation. 
Essential  to  the  solution  is  the  degree  to  which 
resonator  and  compensation  element  can  be  aligned 
exactly  anti- parallel,  and  the  degree  to  which  the 
achieved  compensation  holds  for  all  angles  and 
frequencies,  opecial  measurement  techniques  and 
considerations  involving  the  finished  oscillator  system 
are  required. 

Presently  Available  Resonators 

At  present  the  beat  resonators  available  with 
some  certainty  show  f  values  of  a  few  x  '0"'*^. 

SC-out  blanks  can  potentially  be  better  than  AT-out, 
but  AT-out  BVA  resonators  have  also  shown  very 
low  r Mounting  of  the  blank,  azimuth  angles  and 
support  structure  are  important.  Blank  contour  is 
important,  but  also  observed  is  a  large  scatter  in  F 
magnitude  and  direction  for  what  should  be  identical 
resonators^.  Debaisieux'^  has  recently  reported 
<2  X  with  moderately  good  yield  in  new 

resonator  types. 

To  further  improve  performance,  by  compensation, 
we  need  knowledge  of  the  symmetry  and  directional 
properties  of  F(0),  in  general  and  in  specific  cases. 

Orientation 


We  must  address  the  general  problem  of  finding  ( 
for  a  particular  case,  verifying  its  behavior,  and 
mechanically  attaching  the  resonator  into  an 
oscillator  structure  so  that  it  needs  no  further 
orientation  adjustment. 

Figure  2  shows  a  resonator  blank  placed  at  a 
specific  orientation  in  a  coordinate  system  so  that  F 
(max)  lies  along  the  Z  axis.  Imagine  this  to  be  the 
end  result  of  a  process  of  alignment  to  be  described 
below.  The  dotted  line  enclosure  emphasizes  that  we 
do  not  know  -  a  priori  -  in  which  direction  F  is 
pointing  .  Futherraore,  the  tolerance  of  mounting  the 
blank  in  the  enclosure  is  not  relevant:  all  we  have  to 
work  with  is  the  enclosure. 

A  model  of  acceleration  sensitivity  which  appears 
to  fit  nearly  all  cases  is  that  F  is  a  vector 
quantity.  In  the  coordinate  system  shown,  an 
acceleration  input  at  a  polar  angle  F  produces  a 
response  proportional  to  !  :' |  cos  '•  ;  that  is,  the 
projection  of  F  on  the  acceleration  vector.  In  any 
plane  through  the  Z  axis,  a  circle  drawn  through  the 
tip  of  F  ,  F  cos  '  ,  and  the  origin,  describes  the 
vector  response.  This  kind  of  polar  plot  is  in  fact 
the  most  convenient  way  to  compare  data  with  the  model. 
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A  detailed  disoueeion  of  the  mechanioal  fixture 
and  measurement  process  will  follow  later.  We  have 
found  that  a  dynamic  measurement  system  can  give  rapid 
convergence  to  the  desired  result,  an  important  feature 
being  that  vibrations  in  the  X-Y  plane  should  produce 
zero  response.  The  precision  with  which  this  zero 
response  can  be  found  makes  it  a  more  powerful 
technique  than  looking  directly  for  the  direction  which 
maximizes  response.  For  the  latter  case,  note  that  the 
derivative  of  cos  6  at  0  •  0  is  zero,  while  at  approach¬ 
ing  90’  it  is  large.  Thus  the  1/2  degree  mechanical 
tolerance  needed  for  ensuring  a  100-fold  reduction  in 
effective  r  is  more  easily  investigated  in  the  X-Y 
plane. 

The  vector  sensitivity  f  can  in  principle  be 
cancelled  by  an  equal  and  opposite  compensation.  This 
cancellation  will  not  be  exact  if  the  resonator  has 
asymmetric  or  non-cos  0  response  for  some  angles.  The 
relative  magnitude  of  residual  differences  will  set 
limits  on  the  attainable  compensation.  If  residuals 
exist  at  some  azimuth  angle,  we  might  expect  to  see 
them  projected  onto  the  X-Y  plane. 

The  single  vector  model  has  been  discussed  by 
numerous  authors.  Valdois®  showed  linearity  of 
response  to  50  g  as  well  as  the  vector  nature  of  r  . 
Przyjemski"^  mapped  the  cos  9  surface  for  a  specific 
oscillator  and  also  demonstrated  a  suoessful  systems 
approach  to  single  axis  compensation. 

Production  Model  Compensated  Oscillator 


a  second  resonator  or  other  element  as  sensor)  within 
the  oscillating  loop. 

The  generalized  scheme  of  I  compensation  is  shown 
in  Figure  4.  The  resonator  is  oriented  for  I  in  a 
known  direction  (up)  so  that  the  acceleration  sensor 
may  be  fixed  with  its  g-sensitivity  vector,  k,  in  the 
opposite  direction.  A  signal  from  the  sensor 
proportional  to  the  component  of  a  along  the  vertical 
is  used  to  tune  the  oscillator  frequency  via  the 
voltage  control  ^pu^  to  exactly  cancel  the  intrinsic 
frequency  shift  !'  •  a. 

Some  important  consideration  are; 

Alignment  -  find  F  and  orient  to  ' /2  degree  for 
factor  of  '00  reduction. 

Cos  behavior  -  must  hold  for  both  resonator 
and  sensor. 

f  response  -  either  flat  for  both,  or  must 
track  each  other. 

Lack  of  Proximity  -  the  unavoidable  radial  dis¬ 
tance  between  sensor  and 
resonator. 

Linearity  -  response  linear  with  acceleration 
magnitude . 

Proximity  is  important  because  angular  velocity 
and  acceleration  inputs  to  the  oscillator  system  give 
rise  to  centripetal  forces  whose  effects  are  not 
cancelled,  but  are  additive.  A  rotational  rate  of  0.' 
revolution  per  second,  for  example,  begins  to  show 
effects  at  the  '0”^^  level. 


For  several  years.  Frequency  and  Time  Systems 
already  has  been  manufacturing  high  stability  compen¬ 
sated  oscillators  as  part  of  a  cesium  beam  frequency 
standard;  this  oscillator  is  used  for  the  AN/WSC-6 
communications  terminal  (See  Figure  5).  This  shipboard 
application  requires  that  phase  noise  sidebands  at 
'  5  Hz  from  the  carrier  be  less  than  -98  dSc,  with 
approximately  '  g  vibration  input.  To  meet  this 
requirement,  standard  high-Q  resonators  with  F  ranging 
from  '  to  2  X  '0”^  are  compensated  to  oetter  than 
The  orientation  precision  required  here 
is  such  that  the  static  methods  of  measurement  are 
adequate  to  verify  that  the  required  degree  of  compen¬ 
sation  has  been  met  for  the  individual  oscillator. 

This  oscillator  meets  the  need  low  g-sensiti¬ 
vity  over  a  specific  range  of  low  frequency  vibration 
to  34  Hz.  The  requirement  for  high  performance  in  a 
tactical  environment  with  vibration  to  2  kHz,  requires 
new  techniques. 

Compensation 

A  number  of  active  and  passive  compensation 
techniques  show  promise  of  reducing  oscillator 
sensitivities.  Active  compensation  is  aoheived  by 
means  of  a  voltage  feedback  signal  (proportional  to 
input  g)  generated  by  an  external  accelerometer  anil 
applied  to  the  oscillator  circuit  to  counteract 
acceleration-induced  frequency  shifts.  Passive  methods 
encompass  those  which  achieve  direct  compensation  (via 


For  the  external  servo  loop  compensation,  there  is 
specific  dependence  on  linearity  and  f  response  of  the 
sensor,  the  lineari'  ■  of  voltage  tuning,  and  the 
requirement  that  '  e  a  constant,  independent  of 
tuning. 


Figure  4  is  easily  generalized  to  include 
internal,  or  passive,  compensation.  The  sensor  may  be 
any  element  having  g-sensitive  properties  which  serve 
to  frequency  tune  the  resonator  in  a  way  to  cancel  its 
intrinsic  response.  For  example,  a  second  resonator 
has  been  suggested  for  this  purpose®’^*'®. 

The  second  resonator  must  track  the  first  in  all 
respects,  and  must  be  aligned  with  the  same  exacting 
finesse.  The  g  sensitivity  of  the  pair  must  cancel 
either  by  selection  or  by  equivalent  circuit 
adjustments. 


Perhaps  the  simplest  sensor  is  a  g-sensitive 
reactive  element,  such  as  a  flexure  plate  capacitor  as 
described  by  Valdois' ' .  A  very  small  change  in 
capacitance  with  g  is  made  to  be  part  of  the  series 
frequency-determining  load  of  the  resonator.  The 
element  can  be  made  small,  placed  close  to  the 
resonator,  and  mounted  rigidly  to  it.'^ 


In  all  of  the  mothodc,  success  depends  on  proper 
orientation  of  the  resonator  and  alignment  with  the 
compensating  element. 
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Measurement  System 

Although  static  measurements  in  which  an 
oscillator  is  reoriented  in  the  earth's  field  to 
determine  g  sensitivity  can  give  useful  results,  they 
do  not  lead  quickly  to  the  properly  oriented  resonator 
fixture  that  is  required.  Rapid  convergence  to  a 
correct  orientation  is  needed,  and  that  requires 
real-time  data  from  a  resonator  which  is  vibrating  in 
an  easily  manipulated  fixture. 

This  is  accomplished  by  having  the  resonator 
available  for  mechanical  alignment  outside  of  the 
normal  ovenized  environment.  Without  thermal  control, 
frequency  drift  would  normally  be  a  p'"oblem.  And,  for 
the  sensitivity  levels  of  interest,  the  high  resolution 
of  a  reference  oscillator-mixer  system  of  measurement 
is  needed. 


Experimental  Rata 

The  fixture  described  above  may  also  be  mounted 
for  vibration  along  the  2  axis.  If  it  is  rotated  on 
the  vibration  plate,  along  a  polar  angle,  we  can  plot 
the  cos  0  response. 

Typical  data  are  shown  in  Figure  6.  This  is  the 
response  of  a  4-point  mount  SC-cut  5  MHz  resonator. 
Maximum  response  represents  for  this  case. 

The  theoretical  cos  model  is  shown  by  the  circle,  and 
data  points  fall  within  about  Sf>  of  this  at  all  points. 
Note  that  a  degree  rotation  gives  2-fold  redundant 
data  because  of  the  bidirectional  vibration.  Thus  a 
complete  plot  should  display  bilateral  symmetry.  In 
this  case  we  have  shown  two  sets  of  data.  In  the  left 
half-plane  are  data  points  for  rotation  in  the  X-Z 
plane,  and  on  the  right,  rotation  in  the  T-Z  plane. 


We  use  a  low-noise  phase-locked-loop  frequency 
discriminator  as  shown  in  Figure  5.  The  resonator 
under  test  is  phase-locked  to  a  wide  tuning  range 
tracking  oscillator,  and  the  loop  time  constant  is 
short.  Thus  the  amplified  mixer  output  is  proportional 
to  the  amplitude  of  frequency  sidebands  generated  by 
vibration,  ’’’he  system  bandwidth  is  much  larger  than 
the  vibration  frequencies,  and  the  loop  transfer 
function  has  a  gain  slope  of  -6  dB/ootave  over  '0  to 
20000  Hz.  The  natural  frequency  of  the  loop  is  greater 
than  five  times  the  bandwidth. 

The  noise  floor  of  the  system  is  such  that 
acceleration-induced  sidebands  at  the  -50  dB  level 
relative  to  maximum  response  can  be  observed. 

For  orientation  testing  we  typically  use  a 
constant  frequency  at  about  30  Hz.  Off  axis  motion 
must  be  held  to  a  minimum.  The  resonator  is  held  in  a 
rotatable  clamp  fixture,  to  which  is  attached  the 
oscillator  circuit  board  in  close  proximity.  Flexible 
coax  takes  the  buffered  signal  to  an  additional  buffer 
amplifier  and  then  to  the  mixer. 

The  basic  requirement  of  the  fixture  is  that  it 
permit  gimbal  adjustment  on  two  orthogonal  axes,  and 
that  it  have  a  reference  plane  to  which  the  resonator  I 
will  be  referred.  The  purpose  is  to  find  r  and  fix  it 
with  known  orientation  to  a  compact,  rigid  subassembly 
which  ultimately  becomes  the  compensated  oscillator. 

In  the  process  the  subassembly  response,  with  and 
without  compensation  element,  is  measured  as  the 
resonator  angles  are  adjusted. 

Referring  again  to  Figure  2,  the  resonator  can  be 
oriented  in  this  coordinate  system  by  means  of  two 
mutually  orthogonal  axes,  one  of  them  parallel  to  X. 

The  fixture  is  vibrated  along  the  X  direction  and 
the  resonator  is  rotated  for  zero  response.  Then  the 
fixture  is  vibrated  along  Y  and  the  resonator  is 
rotated  about  the  X  axis  for  zero  response.  The 
fixture  can  then  be  rotated  about  the  Z  axis  to  verify 
that  the  response  is  small  or  zero  for  all  azimuth 
angles. 


These  are  two  arbitrarily  chosen  slices  through 
the  symmetric  surface  of  sensitivity.  One  limitation 
of  such  an  examination,  and  to  ultimate  device 
performance  as  well,  is  the  presence  of  residual 
mechanical  modulation  of  circuit  stray  capacitances. 
Other  sources  of  spurious  response  which  limit  the 
comparison  with  the  theoretical  mo^el  are: 
electromagnetic  pickup  from  the  vibrator  driver;  and 
residual  off-axis  motion  of  the  vibrator. 


Figure  7  shows  data  taken  on  the  same  resonator, 
for  rotations  in  the  X-Y  plane,  with  direction  of 
vibration  in  the  7,  direction.  The  residual  sensitivity 
for  all  directions  is  less  than  '  ^  of  I  (max),  and 
additional  alignment  finesse  can  bring  most  data  points 
within  the  '  12  t  circle.  Again,  the  measurement 
limitations  discussed  above  may  limit  the  degree  of 
certainty  as  to  limits  on  the  actual  minimum  response. 


similar  plots  can  be  shown  for  3-point  mount  AT 
cut  resonators.  A  2-point  mount  fundamental  AT-cut 
5  MHz  unit  also  shows  a  5?  fit  to  cos  6  behavior. 

'0  MHz  ST-cut  units  (4-point),  some  having  I  equal  to 
8  X  '0”''^  or  less,  also  show  the  same  behavior. 

In  the  X-Y  plane,  all  resonators  examined  thus  far 
appear  to  show  residual  sensitivity  below  so  that 
'00  fold  reduction  of  sensitivity  by  compensation  is 
seen  to  be  feasible. 


Using  the  capacitive  type  of  g-sensitive  variable 
reactance  element  for  passive  ^looal)  compensation,  a 
preliminary  investigation  has  given  the  data  of  Figure 
8.  The  vertical  axis  represents  the  resonator  response 
(relative  to  the  'Uioorapensated  case)  in  terms  of  power, 
or  equivalent  phase  noise.  The  anomaly  at  50  Hz  was 
traced  to  a  vibration  table  resonance  giving  off-axis 
motion.  'Utimate  measured  performance  was  limited  by 
imperfect  fixturing  and  vibration  modulation  of  stray 
capacitance,  but  a  sideband  reduction  factor  of  30  dB 
is  seen  over  the  frequency  range  to  ''0  Hz.  Vibration 
direction  was  along  the  compensation  axis. 


82 


Oscillator  System  Considerations 


References 


At  some  frequency  the  intrinsic  mechanical 
response  of  various  elements  in  a  compensated 
oscillator  will  limit  the  capabilities  of  the  system. 

In  Figure  9  some  of  these  considerations  are  shown. 

The  upper  curve  shows  r  of  the  resonator,  assumed  to  be 
8  X  as  a  worst  case.  It  is  expected  to 

show  flat  response  with  frequency  to  above  2  kHz. 
Compensation  at  DC  and  low  frequencies,  by  a  factor  of 
150,  gives  the  curve  labeled  r  .  Depending  on  the 
frequency  of  the  fundamental  mechanical  resonance  of 
the  compensating  element,  the  compensator  shows  loss  of 
correct  action  above  some  frequency  in  the  hundreds  of 
Hz  range.  As  this  frequency  is  approached,  phase  shift 
in  the  mechanical  response  leads  to  loss  of  compensa¬ 
tion  which  is  approximately  represented  by  the  curve  of 
r'  .  This  makes  it  necessary  to  consider  a  soft 
mounting  for  the  resonator-compensator-oscillator  which 
will  attenuate  the  acceleration  input  above  some 
frequency.  That  is,  the  input  acceleration  spectrum  at 
the  oscillator  is  attenuated  to  accomodate  the  loss  of 
compensator  effectivity  at  high  frequencies.  A  modest 
amount  of  soft  mounting,  well  damped,  with  a  moderately 
low  frequency  natural  resonance  is  feasible  for  this 
application. 

Conclusion 

Summarizing  the  observed  behavior  of  3-  and 
4-point  mount  resonators,  we  see  good  agreement  with  a 
single  vector  model  for  the  intrinsic  acceleration 
sensitivity,  F  .  the  methods  for  investigation  of  the 
syinmetiy  properties,  and  orientation  for  measurement, 
lead  directly  to  methods  for  constructing  compensated 
oscillator/sensor  pairs  for  use  in  an  oscillator  which 
exhibits  very  low  sensitivity  to  acceleration  in  a 
dynamic  environment. 
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QUARTZ  OSCILLATOII  ACCELERATIOH  COMPEHSATIOW 


•  TACTICAL  EHVIROHMEKT 

•  STABILITY  AND  SPECTRAL  PURITY 

•  NAVIGATION 

•  COHHUNICATIONS 

•  FREQUENCY  MULTIPLICATION 

•  synchronization 

•  ACCELERATION  SENSITIVITY  UNDER  VIBRATION 

•  4  X  10"*^'  per  5  -►  10"^  f~^ 

%  4  X  10"^^  per  g  ^  ■  10"^^ 

•  SENSITIVITY  r  REDUCTION 

•  FACTOR  OF  >100  SOUGHT 


FIGURE  1.  QUARTZ  OSCILLATOR  ACCELERTION  COMPENSATION 


Z 


FIGURE  2.  ACCELERATION  SENSITIVITY  OF  QUARTZ  RESONATOR 


FIGURE  3.  Model  FTS  9110/120  with  externally 
mounted  acceleration  sensor. 
Frontface  dimensions  are  2"  x  2". 


FIGURE  a.  ACCELERATION  COMPENSATION 
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4f  =  V„  <  k 

FIGURE  5.  DYNAMIC  MEASUREMENT 


FIGURE  6.  POLAR  ANGLE  I  SENSITIVITY 
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A  VIBRATION  COMPENSATION  SCHEME  FOR  A  TACTICAL  RUBIDIUM  OSCILLATOR 
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ABSTRACT 


Quartz  crystals  perform  a  very  significant 
role  in  the  Time  and  Frequency  field  of  tech¬ 
nology.  Since  the  quartz  crystal  is  used  in 
stand-alone  crystal  oscillators  as  well  as  all 
Atomic  Frequency  Standards  (AFS),  the  perform¬ 
ance  of  the  crystal  is  of  paramount  importance. 
Several  adverse  factors  can  degrade  the  crystal's 
performance  in  a  stand-alone  oscillator,  produc¬ 
ing  unwanted  offsets  in  the  output  frequency. 

Some  of  the  factors,  such  as  crystal  aging,  the 
crystal's  temperature  coefficient,  and  varia¬ 
tions  in  the  input  line  voltage/output  load 
impedance,  can  be  compensated  for  in  an  AFS. 

The  biggest  problem  for  both  the  stand-alone 
crystal  oscillators  and  the  present  generation 
of  AFS  is  vibration. 

Under  vibration,  the  AFS  can  provide 
improved  performance  over  the  stand-alone 
crystal  oscillator  if  the  vibrational 
response  of  the  AFS's  physics  package  is 
better  than  the  vibrational  response  of  the 
crystal.  This  of  course  is  true  only  if  the 
vibration  frequencies  are  within  the  band¬ 
width  of  the  atomic  loop.  For  vibration 
frequencies  outside  the  bandwidth  of  the 
atomic  loop,  the  AFS  is  only  as  good  as  its 
internal  crystal  oscillator. 

In  order  to  improve  the  performance  of 
an  AFS  under  vibration,  one  can  consider  the 
following:  (a)  Design  the  internal  AFS 
quartz  crystal  to  be  less  sensitive  to 
vibration,  (b)  Improve  the  AFS  physics 
package,  (c)  Work  to  reduce  the  atomic 
servo  loop  time  constant  (i.e.  Broaden¬ 
ing  the  servo  bandwidth).  (d)  A  combina¬ 
tion  of  the  above. 

Of  the  above,  reducing  the  quartz 
crystal  g-sensitivity  yields  by  far  the 
biggest  gain  in  performance.  This  paper 
describes  a  method  which  falls  into  cat¬ 
egory  (a),  and  specifically,  it  deals  with 
vibration  compensating  a  quartz  crystal  to 
make  it  less  sensitive  to  g-forces. 

CRYSTAL  VIBRATION  PERFORMANCE  CHARACTERISTICS 


The  frequency  of  the  quartz  crystal  shifts 
as  a  function  of  gravity  and  acceleration.  When 
the  crystal  is  placed  in  a  vibration  environment, 
the  crystal  frequency  is  modulated  by  the  vibra¬ 
tion  frequency. 

In  the  case  of  sinusoidal  vibration,  the 
resulting  sideband  amplitude  can  be  calculated 
as:  Xif)  =  r  •  g  •  fo 
2  •  fv 

Where:  X(f)  =  Single  sideband  phase  noise 
r  =  g-sensitivity  of  the  crystal 
g  =  Vibration  amplitude 
fo  =  Oscillator  frequency 
fv  =  Vibration  frequency 


The  vibration  environment  manifests 
itself  as  a  degrader  of  oscillator  performance 
primarily  in  the  following  areas:  (a)  Phase 
noise,  (b)  Short-term  stability,  and  (c)  Fre¬ 
quency  offsets.  Figure  1  illustrates  the  ef¬ 
fects  of  sinusoidal  and  random  vibration  en¬ 
vironments  on  phase  noise  performance. 


SiNUSulbAl  VlbOATIUH  IUNI«X  Vl  |B*T  I  OH 

Figure  1.  Phase  Noise  Under  Vibration 


Figure  2  illustrates  the  effects  on  an 
oscillator's  phase  noise  for  various  "g-sensi- 
tive  class"  crystals  when  subjected  to  random 
vibrations.  As  illustrated,  phase  noise  de¬ 
grades  to  -92  dB,  100  Hz  from  the  carrier  (for 
a  "parts  in  108/g"  class  crystals)  when  operat¬ 
ing  in  a  random  vibration  spectrum  of  20  Hz 
to  2  KHz  at  a  spectral  density  of  0.01g2/Hz. 
This  is  approximately  60  dB  worse  than  the 
Efratom  low  noise  (LN)  Rb  oscillator  operat¬ 
ing  in  a  quiescent  state.  In  the  same  figure, 
note  that  a  "parts  in  10"/g"  class  crystal  per¬ 
forms  20  dB  better  than  the  "parts  in  10^/g" 
class  crystals. 


Figure  2.  Crystal  Oscillator  Random  Vibration 
vs.  Phase  Noise 
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Switching  from  phase  noise  to  short  term 
stability,  Figure  3  depicts  the  degradation  of 
a  10  MHz,  3rd  overtone  crystal  operating  within 
an  Efratom  Model  M-lOO  Rb  oscillator.  Note  that 
a  2xl0'8/g  crystal  degrades  the  short  term 
stability  a  f  :Ctor  of  10  more  than  a  2xl0-9/g 
crystal . 
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Figure  3.  Allan  Variance  vs.  Random  Vibration 


The  crystal  manufacturers  have  worked  to 
reduce  crystal  g-sensitivity  and,  generally 
speaking,  it  is  now  possible  to  obtain  crystals 
with  a  g-sensitivity  better  than  2xl0'9/g  on  a 
mass  production  basis.  At  the  present  level  of 
technology,  more  than  improved  manufacturing 
techniques  must  be  used  to  further  reduce 
g-sensitivity. 

There  are  several  approaches  to  this  problem. 
After  reviewing  the  various  methods,  active  comp¬ 
ensation  of  the  crystal  appears  to  hold  the 
greatest  promise  and  practicality.  The  Efratom 
concept  is  based  on  a  paper  presented  at  the 
35th  Annual  Frequency  Control  Symposium  in 
May  1981  by  Vincent  R.  Rosati  and  Raymond  L. 

Filler  on  "Reduction  of  the  Effects  of  Vibration 
on  the  SC-Cut  Quartz  Crystal  Oscillator." 

BASIC  COMPENSATION  SCHEME 


Before  attempting  to  describe  an  "active" 
compensation  scheme,  a  review  of  parameters 
affecting  the  g-sensitivity  of  the  quartz 
crystal  ’s  helpful  at  this  point.  The  manu¬ 
facturer's  g-spec  is  generally  defined  as  a 
vector  whose  components  are  as  shown  in 
Figure  4. 


Figure  4.  Components  of  the  Crystal  Vector 


To  simplify  the  effort,  some  idealistic 
parameters  are  defined  as  follows:  The  vib¬ 
ration  input  applied  to  the  crystal  causes  the 
crystal  to  respond  in  such  a  way  that  the 
frequency  vs.  acceleration  curve  is  linear  up 
to  20  g's.  The  magnitude  of  the  response  is 
expected  to  be  between  a  few  tenths  and  several 
parts  per  billion  per  g.  The  response  of  a 
properly  mounted  crystal  can  be  described  by  a 
constant  gamma  vector. 

The  basic  compensation  scheme  is  described 
in  Figure  5  and  Figure  6.  An  analog  voltage 
proportional  to  the  crystal's  gamma  vector  is 
generated  by  a  subminiature  accelerometer 
mounted  solidly  in  the  same  metal  block  as  the 
crystal.  The  gain  of  the  accelerometer  ampli¬ 
fier  is  adjusted  to  obtain  the  correct  magnitude 
of  the  analog.  Figure  7  shows  how  the  crystal 
and  accelerometer  are  rotated  into  position  to 
attain  the  correct  direction  of  the  accelerometer 
vector. 
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Figure  5.  Basic  Scheme  of  Accelerometer 
_ Compensation _ 
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Figure  6.  Electrical  Mechanization  of  Scheme 
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Figure  7.  Accelerometer  Mounting  Scheme 
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The  mechanical  and  electrical  adjustments 
are  precise  but  not  of  a  magnitude  to  pose  mass 
production  problems.  For  example,  when  dealing 
with  the  electrical  adjustments,  to  obtain  a 
20  dB  compensation  along  the  most  sensitive  axis, 
magnitudes  must  be  within  10"  including  all  non- 
linearities,  frequency  response  limits,  etc., 
and  allowing  no  error  in  the  mechanical  alignment 
of  the  accelerometer.  For  the  mechanical  adjust¬ 
ments,  in  order  to  insure  the  cross  axis  response 
remains  below  -20  dB  (i.e.  no  worse  than  the 
on-axis  response),  the  alignment  must  be  within 
±6°,  allowing  no  error  in  magnitude  of  the 
analog,  including  all  non-linearities,  frequency 
response,  etc..  To  further  illustrate  this 
point,  if  the  alignment  were  within  ±3°,  the 
magnitudes  must  be  within  5S. 

The  analog  voltage  of  acceleration-induced 
frequency  change  is  applied  to  a  linear  "volt¬ 
age  to  frequency"  modulating  device,  but  in 
opposing  phase.  Since  the  acceleration-induced 
frequency  change  is  instantaneously  cancelled 
through  the  accelerometer,  amplifier,  and  fre¬ 
quency  modulator  path,  an  active  compensation 
scheme  has  been  constructed. 

The  most  convenient  means  by  which  the 
frequency  of  an  SC-cut  crystal  can  be  modulated 
is  to  apply  the  DC  voltage  directly  to  the 
crystal  terminals.  Generally,  the  range  of 
voltages  can  be  10  volts  peak,  covering  acceler¬ 
ations  up  to  10  g's  peak. 

INVESTIGATION 


The  investigation  was  divided  into  three 
areas  of  concern;  (a)  Locating  a  suitable 
accelerometer,  (b)  Designing  the  supporting 
circuitry,  and  (c)  Locating  a  suitable  crystal. 

(a)  The  subminiature  piezoresistive  acceler¬ 
ometer  is  very  attractive  for  its  size,  weight, 
and  dc  response.  Unfortunately,  the  wideband 
(several  kilohertz)  units  are  very  delicate  and 
easily  damaged  in  an  undamped  configuration. 

There  are  two  solutions  available.  The 
first,  to  damp  the  moving  parts  with  a  silicone 
oil;  the  second,  to  use  a  precise  set  of  stops 
to  limit  the  motion  at  resonance. 

The  latter  is  a  patented  technique  exclus¬ 
ive  with  a  particular  supplier.  In  evaluating 
oil  damped  accelerometers,  they  were  found  to 
have  excessive  temperature  coefficients  of 
damping,  unstable  dc  responses,  and  overly 
optimistic  manufacturer  specifications.  The 
final  evaluation  of  such  devices  was  that  of  an 
undamped  6  KHz  unit  which  was  found  to  be 
entirely  satisfactory  for  this  application.  See 

•  'AU..  At  t  ?‘rn  10  ‘  son  <. 

2  «v/',  lYPKrtl  U.s  HItii 
NttH  I  INtAPHY,  HY>IfmS»S  Wl 
t  SJ,  0  1700  Hj,  Fb  F,  *h;  IVPKAl 
DAr*>INi,  .001 

IFtANSVFP'iF  PFSWAFSf  iS  PAx . 

/(no  'MFA'.OPAMr)*  (OFFSFtl  t  100  mV  FWl 
-MAftJUJP'  2  PlFFOtf,  mx, 

finiAIinU  lOVfK,  MX  lYPIfM  Al  lOtF'F.  I  ,St/’F  I 


Figure  8.  Accelerometer  for  Compensation  Scheme 


(b)  The  electronic  portion  is  straightforward 
but  exacting.  The  bridge  compensation  network 
must  be  adjustable  to  about  1  mV  offset  and  the 
amplifier  must  have  10  MHz  gain-bandwidth  to 
keep  phase  shifts  to  less  than  6°  up  to  2  KHz. 

In  addition,  the  amplifier  must  be  able  to 
deliver  large  signal  outputs  up  to  about  2  KHz 
without  significant  phase  shift.  The  0  to  2  KHz 
high-level  (tens  of  volts)  compensation  signal 
must  not  modulate  the  electronic  circuitry  of 
the  oscillator,  but  only  the  crystal. 

(c)  The  crystals  tested  initially  were  5 
and  10  MHz,  third  over-tone  units  in 
HC-40  holders  with  3  point  mounting. 

None  of  these  exhibited  the  constant  vector 
needed  for  all -axes  (spherical)  compensation. 
Figure  9  illustrates  a  polar  graph  of  an  un- 
acceptable  crystal  g-vector.  Note  the  re¬ 
quirements  of  Figure  10  as  a  comparison. 
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Figure  9.  Acceleration-Sensitive  Vector  of  an 
_ Unacceptable  "Non-Stiff"  Mounted  Crystal 


Figure  10.  The  Crystal's  Acceleration-Sensitive 
_ Vector  Requirements _ 

The  basic  requirements  for  the  active 
components  to  make  the  compensation  scheme 
work  are  as  follows: 

-  The  magnitude  of  the  vector  should  be  stable 
to  within  10%.  It  is  desirable,  however,  to 
assign  some  of  the  10%  tolerance  to  the  ac- 
cellerometer,  amplifier,  etc..  Figure  10 
illustrates  the  upper  and  lower  tolerance 
limits  for  the  crystal's  acceleration- 
sensitive  vector. 
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-  The  direction  of  the  vector  should  be  stable 
within  6°  spherical,  but  again  some  of  the 
tolerance  should  be  assigned  to  the  mechan¬ 
ical  adjustments  and  electronic  phase 
shifts. 

-  Figure  11  simulates  the  required  stable 
acceleration-sensitive  vector  needed  by  a 
crystal  for  the  proposed  scheme  to  be 
functional.  The  crystal  must  not  be  sensitive 
to  angular  acceleration. 


Polar  charts  for  these  crystals  indicated 
that  the  vector  had  the  required  stability  to 
advance  to  the  actual  testing  of  the  Acceler¬ 
ometer  Compensation  Scheme.  Figures  13  and  14 
are  examples  of  typical  Polar  charts  demonstrated 
by  the  newly  acquired  crystals  without  any  form 
of  compensation  provided.  In  addition,  the  new 
crystals  exhibited  a  g-sensitivity  of  -v  lx10-9/g. 


Figure  11.  Simulation  of  an  Acceptable  Crystal 
Acceleration-Sensitive  Vector _ 


New  Crystal  Mounting  Technique 

During  this  investigation  period,  a  sep¬ 
arate  project  was  being  worked  involving  the 
testing  of  a  new  "flat-pack"  crystal  from  Dr. 
John  Vig  of  USA-ERADCOM.  The  flat-pack 
crystals  appeared  to  have  more  stable  vectors 
than  previous  crystals  tested.  After  obtaining 
permission  to  copy  the  flat-pack  mounting 
technique,  both  Peizo  Crystal  Corp.,  and  Colorado 
Crystal  Corp.  participated  in  the  fabrication  of 
specially  mounted  crystals  which  provided  the 
required  stable  vectors  in  all  axes,  to  within 
*6°.  In  addition,  the  crystals  with  special 
internal  mountings  proved  to  have  a  better 
g-sensitivity  than  any  of  the  previously  tested 
crystals.  Figure  12  illustrates  the  "old"  mount¬ 
ing  technique,  and  the  new  ''stiffen"  flat-pack 
mounting  style. 
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Figure  12.  Improved  Crystal  Mounting 


Figure  13.  Polar  Chart  of  "Stiff  Mounted" 
_ Crystal ,  XY  Plane  Uncompensated 


Figure  14.  Polar  Chart  of  "Stiff  Mounted" 
_ Crystal,  ZY  Plane  Uncompensated 


COMPENSATION  SCHEME  TESTING 


The  compensation  technique  was  tested  by 
measuring  the  crystal  sidebands  during  vibration, 
with  and  without  the  accelerometer  compensation 
loop  closed.  These  tests  were  conducted  by 
mounting  the  crystal  and  accelerometer  in  an  al¬ 
uminum  block  on  a  specially  designed  crystal 
oscillator  PC  board,  with  both  mounted  directly 
to  the  equipment.  After  observing  the  expected 
20  dB  improvement  for  the  most  sensitive  axis, 
the  assembly  was  integrated  into  a  Model  M-lOO 
Rubidium  Frequency  Standard. 

Figures  15,  16,  and  17  are  phase  noise 
plot  test  results  with  the  special  assembly 
integrated  into  the  functional  M-100.  The  three 
figures  represent  the  X,  Y,  and  Z  axes  respective¬ 
ly,  presenting  the  sideband  levels  for  both  com¬ 
pensated  and  uncompensated  operation.  The  less 
sensitive  axes  of  the  crystals  are  at  least  5 
times  better,  therefore  only  a  few  dB  improve¬ 
ment  will  make  these  axes  as  good  as  the  goal  of 
20  dB  improvement  for  the  most  sensitive  axes. 
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Figure  15.  X  Axis  Phase  Noise  Plot  With  and 
Without  Compensation 


Figure  16.  Y  Axis  Phase  Noise  Plot  With  and 
Without  Compensation 


INTEGRATION  OF  COMPENSATION  SCHEME  INTO  M-lOO 

Preliminary  tests  with  the  special  assembly 
integrated  into  the  M-lOO  indicated  that  the  ap¬ 
proximate  20  dB  improvement  obtained  with  the  test 
setup  was  possible,  but  the  test  results  were 
not  consistently  repeatable,  varying  with  changes 
in  frequency.  The  problems  were  identified  as 
extraneous  pickups  by  the  wires  connecting  the 
accelerometer  to  the  preamplifier.  After  resolv¬ 
ing  this  issue,  the  approximate  20  dB  improvement 
was  consistent/repeatable  up  to  a  vibration 
frequency  of  about  100  Hz.  When  above  100  Hz, 
there  was  less  improvement.  In  sensitive  ap¬ 
plications,  shock  mounts  are  more  than  adequate 
to  provide  acceptable  attenuation  after  about 
60  Hz.  The  primary  goal  of  the  compensation 
scheme  is  to  provide  attenuation  in  the  fre¬ 
quency  range  in  which  shock  mounts  are  not 
effective.  For  the  Rb  AFS,  this  frequency  is 
approximately  1  to  60  Hz. 

It  was  first  thought  that  the  g-sensitiv- 
ity  in  the  uncompensated  mode  is  independent  of 
the  existing  vibration  frequency.  The  non¬ 
uniformity  may  be  related  to  package  resonance 
and  measurement  tolerances.  The  up-turn  of  the 
g-sensitivity  of  the  compensated  crystal  is 
mainly  related  to  a  phasing  problem.  (The  sig¬ 
nal  of  the  accelerometer  does  not  remain  in 
phase  with  with  the  pickup  of  the  crystal.  This 
problem  is  caused  by  the  mechanical  resonance  of 
the  accelerometer  [6  KHz]  and  extraneous  pickup, 
e.g.  by  the  connecting  wires.)  Figure  18  illus¬ 
trates  the  typical  improvement  assuming  an  8  g 
vibration  level,  a  20  dB  improvement  to  100  Hz, 
tapering  off  to  0  dB  at  1  KHz.  Figure  19  illus¬ 
trates  the  magnitude  of  the  g-sensitive  vector 
of  an  average  crystal  both  with  and  without 
compensation,  as  a  function  of  the  vibration 
frequency. 
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Figure  18.  Typical  Improvement  of  Sidebands 
With  and  Without  Compensation 
_ at  89  Vibration  Level _ 


Figure  17,  Z  Axis  Phase  Noise  Plot  With  and 
_ Without  Compensati on 
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Figure  19.  Magnitude  of  g-Sensitive  Vector  of 
Average  "Stiff  Mounted"  Crystal 
With  and  Without  Compensation _ 


CONCLUSIONS 

The  improvement  of  the  g-sensitivity  to 
lxlO-9/g  for  the  new  stiff-mount  crystals  has 
eliminated  the  previously  observed  offsets  in 
the  output  frequency  during  low  frequency  high 
level  vibration.  This  would  eliminate  the  need 
for  a  vibration  compensation  scheme  if  the  user 
is  only  interested  in  timing  functions.  However, 
if  the  user  requires  a  clean  output  spectrum  the 
proposed  vibration  compensation  scheme  offers  a 
significant  improvement  close  to  the  carrier, 
an  area  where  an  improvement  using  any  other 
method  is  very  difficult  to  achieve.  Figures  20 
and  21  are  the  Polar  charts  illustrating  the 
improvement  obtained  by  using  the  Accelerometer 
Compensation  Scheme.  Note  the  Full  Scale  (FS) 
of  Figures  13  and  14  (FS  =  8.0xl0"^0/g  and 
FS  =  2.0xl0'10/g  respectively)  as  compared  to 
the  FS  in  Figures  20  and  21  (FS  =  0.63xl0'10/g 
and  FS  =  l.AxlO'^O/g  respectively).  Whereas 
no  further  improvement  can  be  expected  in  the 
XY  plane  (Figure  20)  due  to  the  almost  unidir¬ 
ectional  plot,  further  improvement  in  the  ZY 
plane  (Figure  21)  could  have  been  accomplished 
by  better  alignment  of  vector  of  the  accelerom¬ 
eter  with  that  of  che  crystal;  this  being 


illustrated  by  the  difference  in  sensitivity  at 
90°/270°  compared  to  180°/360°  (Figure  21). 

In  conclusion,  the  Active  Compensation 
Scheme  described  works  and  is  ready  to  support 
low  phase  noise  applications  in  hostile  vibration 
environments  for  Stand-Alone  Crystal  Oscillators 
and  Atomic  Frequency  Standards. 


Figure  20.  Improvement  Obtained  by  Using  the 


Accelerometer  Compensation  Scheme 
for  XY  Plane 


r 


Figure  21.  Improvement  Obtained  by  Using  the 
Accelerometer  Compensation  Scheme 
for  ZY  Plane 
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ABSTRACT 

Every  system  has  its  particular  vibrational 
input  specifications  as  well  as  on-board  vibration. 
It  is  the  vibration  induced  sidebands  that  push  the 
RMS  integrated  phase  noise  and  spurious  above  the 
system  specification. 

When  communication  systems  were  designed  for 
HF  to  UHF,  vibrational  induced  sidebands  were  not  a 
concern.  Now  with  modern  SHF  and  EHF  systems,  vi¬ 
brational  induced  sidebands  become  very  important. 

This  paper  will  present  test  data  characteriz¬ 
ing  the  rubidium  standard  and  monolithic  crystal 
filter  with  1  Grms  vibration  inputs  from  20  to  5000 
Hz.  The  paper  presents  applications  for  the  mono¬ 
lithic  crystal  filter  in  EHF  systems  that  improve 
phase  noise  and  spurious.  It  will  show  their  limi¬ 
tations  as  they  exist  now  and  suggest  better  meth¬ 
ods  for  specifying  filters  to  insure  low  vibration 
induce  sidebands. 


KEY  WORDS 

Acceleration  sensitivity,  acceleration  desen¬ 
sitizing,  acceleration  effects,  atomic  standards, 
BER,  carrier  drop-out,  EHF  systems,  monolithic  cry¬ 
stal  filters,  phase  noise,  phase  noise  clean-up, 
quartz  oscillator,  spurious,  systems  application, 
vibration  induce  sidebands. 

I.  APPLICATION  VERSUS  NOISE/SPURIOUS  ENHANCEMENT 

Many  different  types  of  systems  are  being  de¬ 
veloped  for  future  applications.  The  technologies 
of  these  systems  are  demanding  higher  operating 
frequencies,  fast  pusedo  random  hopping  for  anti¬ 
jamming,  and  stable  time  base  and  low  phase  noise/ 
spurious.  With  this  also  comes  the  demand  for 
smaller,  lower  weight,  and  lower  dissipation  equip¬ 
ment. 

Each  development  phase  of  a  system  reintro¬ 
duces  side  effects  associated  with  thermal  and  vi¬ 
bration  as  a  result  of  repackaging,  new  concepts, 
and  size  reduction.  Various  articles  discuss  ef¬ 
fects  of  vibration  and  means  to  reduce  the  ef¬ 
fects  on  quartz  oscillator.  Likewise,  methods 
have  been  discussed  to  reduce  vibration  effects 
on  atorlc  standards  (quartz  oscillator). 


With  the  complexity  of  the  systems,  atomic 
standards  are  being  utilized  to  provide  both  fre¬ 
quency/time  accuracy  and  low  phase  noise.  Typical 
phase  noise  data  of  various  atomic  standards  are 
shown  in  Figure  1  purely  as  examples  showing  only 
specification  data  from  data  sheets  (not  typical). 
Consideration  for  generation  of  higher  frequencies 
includes  the  enhancement  of  any  phase  noise  (whe¬ 
ther  it  be  discrete  spurious  or  oscillator  phase 
noise)  by  the  factor. 

20  Log  (N)  (1) 


10  100  IK  10K  lOOK  IM  lOM 

OFFSET  FREQUENCY  FROM  CARRIER.  HZ 


Figure  1.  Typical  Standard  Phase-Noise  at  5  MHz 
Enhanced  to  EHF  Versus  Requirements 

Figure  2  illustrates  this  concept  as  applied  to  all 
kinds  of  systems  presently  deployed  should  they 
utilize  a  standard  as  their  base  frequency.  For 
the  typical  EHF  system,  the  noise  enhancement  is 
approximately  80  dB.  Enhancing  the  phase  noise  of 
those  shown  in  Figure  1  by  80  dB  illustrates  the 
effect  against  the  general  system  transmit  require¬ 
ments.  This  leaves  little  or  no  margin  for  system 
vibration  Induced  sidebands. 

Figure  1  also  suggests  the  necessitv  for  spec¬ 
tral  clean-up  at  the  5  MHz  level,  and  several 
higher  frequency  points  In  the  synthesis  chain. 
Monolithic  crystal  filters  from  5  up  to  150  MHz  are 
available. 
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APPLICATION 


and  for  a  continuation  phase  noise. 


Figure  2.  Noise  Enhancement  of  Standards  Utilized 
in  Various  Systems 

II.  TYPICAL  PSK  BER  PERFORMANCE  OF  COMMUNICATION 
SYSTEMS 


One  could  choose  a  multitude  of  different  mod¬ 
ulation  schemes  to  discuss  system  degradation  due 
to  interference  or  unwanted  sidebands.  Simple  PSK 
(phase  shift  key)  is  used  as  an  example  to  illus¬ 
trate  importance  of  a  spectrally  pure  carrier  since 
present  systems  use  digital  signal  processing,  mod¬ 
el  ati  on,  etc. 

A  PSK  modulated  system  is  represented  by  a  RF 
vector  of  0"  or  180*  for  BPSK  (binary  phase  shift 
keying.  The  performance  of  such  a  system  depends 
on  how  well  the  signal  is  demodulated  into  '‘0"s  and 
"l"s  at  the  receiving  end.  The  performance  of  such 
a  system  is  described  by  an  error  probability  func¬ 
tion: 


P„  = 

2  -^MEb/No) 


(2) 


This  function  is  for  an  ideal  system;  i.e.,  no 
interference,  no  LO  sidebands,  only  white  receiver 
thermal  noise. 


The  equation  (1)  has  been  expanded  ^  to  in¬ 
clude  RMS  jitter  or  integrated  phase  noise  and 
sidebands  offset  from  the  carrier  (LO)  over  the 
data  bandwidth.  Equation  (1)  is  thus: 


P  * 


Exp- 


Exp  (-Eb/Np) 

2  (Eb/No) 


(3) 


This  equation  is  plotted  in  Figure  3  along  with 
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and  the  total  RMS  noise. 
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Figure  3.  BER  Performance  for  PSK  Modulation 

Figure  4  is  representative  of  a  SHF  carrier  phase 
noise. 


Figure  4.  Typical  Phase  Noise  Plot  for  an  SHF 
Carrier 

Normally  a  system  optinumally  powered  will  op¬ 
erate  at  Eb/N-  at  10  dB  for  a  10"'  BER.  It  is  rea¬ 
sonable  that  for  an  interferring  signal,  the  system 
could  increase  its  signal  above  the  interferring 
signal  to  improve  performance.  However,  for  a  LO 
sideband,  the  system  performance  can  not  be  im- 


93 


proved  by  an  increase  in  signal  power;  as  the  side¬ 
band  remain  at  a  constant  relationship  to  the  car¬ 
rier  power.  Thus,  any  degradation  on  the  carrier 
will  produce  a  floor  in  the  SCR  performance;  i.e., 
further  increasing  power  has  no  effect  of  improving 
system  performance. 

Therefore,  most  systems  have  specified  that 
the  integrated  noise  about  the  carrier  over  the 
data  bandwidth  must  be  less  than  0.1  radian. 

This  is  equivalent  to  a  discrete  sideband  of  -26 
dBc  as  follows: 

0.1  radian  »  -26  dBc 

III.  TYPICAL  LOCAL  OSCILLATOR  GENERATION 

The  literature  contains  many  basic  concepts 
for  frequency  synthesis.  Modern  synthesis  includes 
low  to  high  frequency  operation,  tuneability,  slow 
to  fast  speed  switching  and  settling,  low  spurious, 
integrated  phase  noise  lower  than  0.1  radian,  etc. 
Coupled  with  these  requirements  are  small  size  and 
weiglit,  low  power  dissipation,  simplification, 
maintainability,  and  reliability.  These  latter 
requirements  introduce  additional  requirements. 
Power  supplies  become  switcher  supplies  to  reduce 
weight  but  introduce  ripple  problems  (readily  re- 
duceable  by  regulators).  Choices  between  filtering 
circuits  must  be  made  (i.e.  VCXO-PLL  versus  crystal 
filter  versus  a  different  frequency  scheme. 
Smaller  size  normally  leads  to  higher  concentration 
of  parts  thus  a  higher  heat  concentration  requiring 
cooling.  This  introduces  vibration  effects  for 
circuits  utilizing  quartz  crystals  or  anything  that 
may  change  the  phase  of  the  RE  signal.  Normally 
the  above  requirements  fit  platforms  that  in  turn 
have  specific  vibration  inputs  to  the  equipment. 
Thus  the  jurisdiction  design  of  a  modern  synthe¬ 
sizer  must  deal  with  size,  power,  ripple,  vibra¬ 
tion,  etc. 


Figure  5  illustrates  the  typical  approach  to 
the  modern  synthesizer.  The  figure  is  also  repre¬ 
sentative  of  the  various  filter  technologies.  Note 


Figure  5.  Typical  Modem  Synthesizer 


that  the  xtal  filter  is  placed  at  a  point  in  the 
synthesizer  that  has  the  most  enhancement  of  side¬ 
bands  by  multiplication.  Having  illustrated  the 
effective  multiplicative  factor,  the  importance  of 
exploring  vibrational  effects  of  xtal  filters  be¬ 
comes  clear. 

Figure  6  is  representative  of  one  piece  of 
hardware  containing  a  reference  frequency  genera¬ 
tion  and  the  monolithic  crystal  filter.  Size  is  of 
importance  as  the  module  shown  contains  components 
on  both  sides.  This  type  of  module  is  very  rigid 
and  will  transfer  any  vibrations  with  an  estimated 
gain  of  one  into  the  xtal  filter. 


Figure  6.  Typical  Reference  Generator  Utilizing 
XTAL  Filters,  (0.23H  x  0.675W  x  1.175L) 


IV.  TYPICAL  VIBRATION  INPUTS  FOR  VARIOUS  PLATFORMS 

Most  people  have  a  general  impression  about 
what  vibration  means.  Only  those  closely  related 
to  system  testing  can  appreciate  the  problems  asso¬ 
ciated  with  vibration.  Even  then  it  may  not  be 
fully  understood  or  the  characteristic  of  the  re¬ 
quirements  appreciated. 

The  understanding  of  vibration  takes  on  dif¬ 
ferent  meanings  for  different  discipliles.  A  vi¬ 
bration  specification  may  mean  to  one  group,  that 
if  it  (equipment)  survives  with  no  damage  there  is 
no  need  to  be  concerned.  This  statement  may  be 
safe  for  all  commercial  television,  radio,  and 
maybe  up  into  the  UHF  communication.  Others  under¬ 
stand  vibration  as  a  problem  area  to  avoid.  How¬ 
ever,  if  vibration  problems  do  come  up,  as  it  does, 
the  immediate  response  is  "quick  fixes".  Labora¬ 
tories  are  becoming  better  equipped  to  characterize 
vibration;  not  only  the  vibration,  but  the  effects 
of  vibration  on  the  equipment  can  be  better  charac¬ 
terized. 

The  type  of  vibration  Inputs  this  author  is 
familiar  with  are  the  typical  ship  and  airborne 
platforms.  Figure  7  illustrates  several  platforms; 
some  requiring  discrete  inputs,  some  requiring  ran¬ 
dom  Inputs.  An  overview  suggest  a  device  such  as  a 
quartz  oscillator  or  monolithic  crystal  filter 
should  be  provided  with  a  data  sheet  characterizing 
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the  device  for  one  Grms  discrete  10  Hz  to  10,000 
Hz.  Along  with  the  characterization,  resonant 
points  should  be  noted  and  their  sideband  level. 
As  will  be  shown  later,  this  type  of  characteriza¬ 
tion  allows  for  extrapolation  to  any  level  of  vi¬ 
bration,  any  frequency,  and  the  sideband  level. 


VI8R  ArujN  F  HtOLlSl'  V, 

Figure  7.  Vibrational  Input  Requirements  for 
Various  Programs 


V.  VIBRATION  EFFECTS  ON  THE  STANDARD  AND  SYSTEM 
IMPLICATION 


The  measurement  also  shown  the  mechanical  resonant 
structure. 

The  first  step  in  reducing  the  vibration  ef¬ 
fects  is  via  mechanical  isolation  mounts.  Per  fig¬ 
ure  9,  isolation  mounts  act  as  low  pass  structures 
filtering  out  frequencies  greater  than  80  Hz. 


The  second  step  would  consist  of  employing 
'acceleration  feedback  methods  as  discussed  by  C. 
Col  son. 

The  sidebands  illustrated  in  Figures  8  and  9 
are  enhanced  by  53  dB  for  an  EHF  system.  Utilizing 
mechanical  isolation  mounts,  the  vibration  induced 
sidebands  are  contained  in  the  region  of  dc  to  50 
to  80  Hz.  However,  as  the  enhanced  sideband  envel¬ 
ope  shows  in  Figure  9,  the  sidebands  are  sufficien¬ 
tly  high  to  cause  carrier  "drop  out"  for  sidebands 
close  to  the  carrier. 


The  characterization  of  the  rubidium  standards 
has  been  reported  before^*  3.  The  sidebands  gener¬ 
ated  while  being  vibrated  are  governored  by  the  re¬ 
lationship®; 


Llfy)  =  20  Log 


T  a  fj, 
2f., 


(7) 


Figure  8  shows  the  actual  measured  sideband  evelope 
of  an  M-IOO/LN  being  vibrated  at  one  Grms  discrete 
tones  from  10  Hz  to  2000  Hz.  The  measurement  was 
at  100  MHz  (X20).  The  calculation  for  an  accelera¬ 
tion  of  10"Vg  fall  right  on  the  measured  result. 


The  proper  choice  of  modulation  schemes  can 
operate  under  these  large  sideband  levels  induced 
by  vibration  at  the  standard.  For  example,  a  PSK 
system  using  differential  demodulation  and  a  data 
rate  50  times  the  sideband  frequency  will  see  less 
than  10°  shift  from  bit-to-bit.  Figure  10  simply 
illustrates  the  effect.  Should  the  data  rate  (such 
as  75  bits/second)  be  comparable  to  the  sideband 
frequency,  the  sideband  levels  projected  for  EHF 
would  be  disastrous  on  system  performance.  From 
this  example,  it  becomes  readily  apparent  that  the 
standard  must  be  improved;  i.e.,  its  vibration  sen¬ 
sitivity  should  approach  10"^ Vg.  Newer  standards 
will  need  to  include  acceleration  feedback  or/ 
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Figure  8,  Rb  STO-S/N-1211 ,  Vibrated  at  1  Grms 
Discrete  Frequencies 


Figure  10.  Sideband  Effects  on  Differentially 
Decoded  PSK 
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and  SC-cut  crystals,  and  a  match  of  the  orientation 
of  the  crystal  with  vibrational  axis. 

VI.  VIBRATION  EFFECTS  OF  MONOLITHIC  CRYSTAL 

FILTERS 

In  the  EHF  communication  systems,  phase  noise 
and  spurious  from  a  5  MHz  reference  standard  is  en¬ 
hanced  by  approximately  30  dB.  The  available  ref¬ 
erence  standards  may  or  may  not  meet  the  system 
phase-noise/spurious  after  multiplication.  This 
necessitates  exploring  methods  of  cleaning  up  the 
spectrum.  As  figure  5  indicates,  a  monolithic  cry¬ 
stal  filter  can  be  employed  after  the  atomic  stand¬ 
ard  and  in  the  reference  generator.  In  addition  it 
can  be  used  for  various  frequencies  through  160 
MHz. 

The  environmental  effects  are  of  great  impor¬ 
tance  for  monolithic  crystal  filters  placed  at  such 
a  low  point  in  the  multiplication  chain.  First, 
for  cleanup  purposes  the  filter  must  track  over 
temperature  without  the  aid  of  ovens  (power  dissi¬ 
pation  and  size  also  importance  parameter)  and  min¬ 
imize  insertion  variation.  Secondly,  the  filter 
must  operate  with  minimal  effects  from  vibration 
(as  unwanted  sidebands).  To  meet  the  temperature 
range  requirements,  filters  (5  MHz)  with  325  Hz 
bandwidth  have  been  manufactured  with  less  than  1 
dR  insertion  loss  variation.  However,  the  vibra¬ 
tion  aspect  of  the  monalithic  crystal  filter  has 
been  the  more  difficult  parameter  to  improve.  The 
following  sections  discusses  work  at  5  MHz  and  100 
MHz. 

A.  5  MHz  Crystal  Filter 

The  utilization  of  a  crystal  filter  at  5  MHz 
could  expect  any  vibrational  generated  sidebands  to 
be  enhanced  by  80  dB  (to  EHF).  To  gather  informa¬ 
tion  about  th°  sensitivity  of  crystal  filters  to 
vibrational  inputs,  measuring  capabilities  in  ex¬ 
cess  of  -130  dBc  is  required. 


Figure  11  illustrates  the  test  setup  utilized 


Figure  11.  Test  Set-Up  to  Evaluate  a  Crystal 
Filter  Under  Vibration 


to  evaluate  crystal  filters  at  5  MHz.  The  vibra¬ 
tional  sidebands  are  characterized  by  applying  one 
Grms  vibrational  discrete  frequencies  from  20  Hz 
to  as  high  as  10,000  Hz  to  the  filter.  The  meas¬ 
urement  leads  to  a  characteristic  envelope  of  the 
sideband  level  for  a  5  MHz  crystal  filter. 

Figure  12  is  a  typical  plot  illustrating  the 
sidebands  generated  at  discrete  points  and  the  en¬ 
velope.  From  this  envelope,  the  resonant  point 
(325  Hz)  is  readily  apparent.  A  quick  addition  of 
80  dB  (for  EHF  enhancement)  to  the  -40  dBc  resonant 
point  leads  to  an  unuseable  system. 


Figure  12.  Characterization  of  5  MHz  Filter  for 
V i bra tion-Versus-Si deband  Level 

Table  1  is  a  listing  of  eleven  5  MHz  crystal 
filters  evaluated  under  vibration  inputs.  Crystal 
filters  with  serial  numbers  001  to  007  have  no 


Table  1.  5  MHz  Crystal  Filter(s)  Vibration 

Characterization 
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compensation  for  vibration.  Serial  numbers  008  and 
009  have  the  mounting  post  stiffened  with  epoxy 
with  no  resultant  lowering  of  the  sensitivity  to 
vibration.  A  dramatic  lowering  of  sidebands  result 
with  OlOB  and  OllB.  The  mount  was  changed  from  the 
standard  wire  clip  to  a  mount  designed  to  survive 
50G  shock.  You  have  to  ask  "What  about  sideband 
envelope  characteristic?"  None  exist. 

Figure  13  is  a  composite  plot  of  all  the  vi¬ 
bration  envelopes  (1  Grms  discrete,  10-10,000  Hz) 
of  the  crystal  filters  listed  in  Table  1.  Visually 
it  becomes  very  apparent  that  for  high  frequency 
systems,  the  mount  plays  an  important  role  in  re¬ 
ducing  the  vibration  sensitivity.  Between  30  to 
80  dB  improvement  can  be  realized  at  various  vibra¬ 
tion  frequencies  as  one  goes  from  sfmple  two  point 
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mounts  to  more  rigid  mounts.  In  no  way  does  this 
example  show  the  best  obtainable  results;  only  what 
can  be  obtained  as  a  first  exploration. 


Figure  13.  Vibrational  Sideband  Envelope  for  IG 
Trive  Level  on  5  MHz  XTAL  Filter 

Note  that  30  dB  of  enhancement  of  the  5  MHz 
filter  sideband  discrete  envelope  plus  isolation 
mounts  keeps  the  discrete  sidebands  below  -32  dRc 
at  frequencies  below  80  Hz. 

B.  Orientation  of  5  MHz  Crystal  Filter 

The  orientation  of  any  crystal  should  be  a 
large  factor  in  one's  mounting  in  a  system  (if 
practical).  For  the  system  discussed  here  the  cry¬ 
stal  filter  is  mounted  as  should  in  Figure  14.  The 


UP  DOWN 


Figure  14.  Orientation  of  Filter  in  Platform 


Figure  15.  Vibration  Sensitivity  Related 
Orientation  of  Filter 


worst  case  for  the  crystal  filter  S(S/N-007)  is  the 
side-to-side  motion.  The  platform  has  the  least 
vibration  inputs  in  this  axis  (this  does  not  in¬ 
clude  engine  noise). 

An  evaluation  of  the  5  MHz  crystal  filter  was 
made  in  two  axis.  Figure  15  illustrates  the  re¬ 
sults  of  the  S/N-007  and  S/N-OllB  crystal  filter. 

C.  100  MHz  Monolithic  Crystal  Filter 

The  next  level  at  which  one  may  use  monolithic 
crystal  filters  is  at  100  MHz.  From  this  point  any 
vibration  induced  sidebands  are  enhanced  by  53  dB. 
There  are  four  types  of  ICO  MHz  monolithic  crystal 
filters  that  have  been  evaluated  to  date.  Figure 
16  illustrates  the  vibration  induced  sideband  en¬ 
velopes  of  the  various  types.  The  ruggedization  of 
the  mounts  leads  up  to  25  to  50  dB  improvement  and 
shifting  the  resonant  point  out  beyond  known  vibra¬ 
tion  inputs. 


■i-  1  .  ♦as-'r 


Figure  16.  Vibration  Induced  Sideband  Envelope  for 
1  Grms  Drive  Level  for  100  MHz 
Monolithic  Crystal  Filter 

Vll.  VIBRATION  EFFECTS  ON  L-C  AND  INTERDIGITAL 
FILTERS 

Any  element  that  experiences  an  electrical 
phase  shift  due  to  vibration  will  produce  PM  side¬ 
bands  on  the  carrier.  The  element  does  not  neces¬ 
sarily  have  to  be  a  quartz  filter  or  oscillator  as 
discussed  in  preceding  sections. 

With  the  test  method  described,  two  other 
classes  of  filters  were  evaluated;  i.e.,  a  1200  MHz 
interdigital  filter  and  a  1200  MHz  L-C  filter.  The 
following  table  shows  the  two  types  of  filters  to 
be  very  similar  in  electrical  characteristics  but 
entirely  different  with  respect  to  mechanical  char¬ 
acteristics. 
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Both  filters  were  characterized  for  discrete 
vibration  frequencies  of  1  Grms,  The  sideband  en¬ 
velope  is  illustrated  in  Figure  17.  For  EHF  appli¬ 
cations  {and  30  dB  enhancement  of  these  vibration 
sidebands),  the  interdigital  filter  characterized 
exhibits  vibration  sidebands  too  high  for  satis¬ 
factory  operation. 


2Tan"^ 


Therefore; 


Then: 


IT 


j  Radians  for  Af  =  BW3 


Ti  n 
^  dB 


Kfy) 


20  Log 


TT  *  ^0 


(10) 


Equation  (10)  is  plotted  in  Figure  18.  From  Figure 
18,  increasing  the  filter  bandwidth  at  a  specific 
center  frequency  decreases  vibration  induced  side¬ 
bands  for  a  specific  acceleration  sensitivity,  r. 
In  the  same  sense,  if  acceleration  sensitivity,  x, 
can  be  lowered,  vibration  induced  sidebands  de¬ 
crease. 


Figure  17.  Vibration  Induced  Sideband  Envelope  for 
Two  Types  of  1200  MHz  Filter  with  1 
Grms  Drive  Level 

VII.  IMPORTANCE  OF  VIBRATION  INDUCED  SIDEBAND  EN- 
VELOPES  of  VIBRATION  iCTgfTtVE 'gLgMg>(TS 

Throughout  the  preceding  discussion,  a  rela¬ 
tionship  between  system  performance  and  vibration 
induced  sidebands  have  been  established.  There  is 
a  relationship  for  oscillators  that  defines  the  vi¬ 
bration  induced  sideband  (with  respect  to  frequency 
of  vibration)  as  long  as  the  sensitivity  is  known 
and  is  given  by  equation  7.  The  sidebands  have  a 
l/fy  characteristic. 

On  the  other  hand,  filters  have  a  flat  side¬ 
band  characteristic  as  the  phase  slope  is  constant 
at  the  center  frequency  of  the  filter.  A  relation¬ 
ship  relating  phase  slope  and  sideband  level  has 
been  attempted.  However,  the  filters  have  a  strong 
component  connected  to  the  mechanical  structure  as 
viewed  in  Figure  13  for  the  5  MHz  crystal  filter. 

It  is  possible  that  the  sideband  relationship  for 
filters  may  be  defined  as; 

L(fv)  =  20  Log  ^(t  a  *5  fo  Rf^v'lj  (8) 

where:  a  is  acceleration  level  in  g's 

T  is  acceleration  sensitivity,  parts/g 
♦s  is  filter  phase  slope,  radian/Hz 
fg  is  filter  center  frequency,  Hz 
L  is  sideband/carrier  ratio,  dBc 
R(fy)  is  1  except  around  the  mechanical  re¬ 
sonant  point  of  the  mounting  structure. 

The  phase  slope  of  a  filter  may  be  approxi¬ 
mated  by: 


Figure  18.  Vibration  Induced  Sideband  Level  as  a 
Function  of  Filter  Bandwidth,  Center 
Frequency,  Number  of  Elements,  and 
Acceleration  Sensitivity 

From  the  above  discussion,  it  is  apparent  that 
filters  should  be  supplied  with  an  acceleration 
sensitivity  factor  or  the  level  of  the  vibraiton 
induced  sideband  for  a  1  Grms  drive  level  (IOC  Hz). 

Figures  19  and  20  illustrate  that  from  a  1 
Grms  envelope,  one  can  immediately  correct  for  sys¬ 
tem  vibration  input  and  for  system  multiplicative 
factor.  Then  a  determination  can  be  made  to  the 
possibility  the  system  will  function  properly  with 
the  data  rate  being  transmitted. 
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Figure  19.  Vibration  Envelope  Extrapolation  of 

Standard  5  MHz  Crystal  Filter  Mount  to 


Figure  20,  Vibration  Envelope  Extrapol i tion  of 

Improved  5  MHz  Crystal  Filter  Mount  to 
EHF 


IX.  CONCLUSION 

Elements  that  may  produce  unwanted  sidebands 
due  to  vibration  have  not  been  an  important  consid¬ 
eration  for  UHF  systems.  However,  as  systems  have 
developed,  one  can  follow  its  history  right  up  the 
frequency  spectrum.  With  the  higher  frequency, 
spectral  purity  becomes  more  important.  Types  of 
filtering  at  lower  reference  frequencies  dictates 
narrow  band. 

Measurements  discussed  in  this  article  show 
the  EHF  performance  to  be  marginal  or  severely  de¬ 
graded  under  tactical  vibration  requirements  uti¬ 
lizing  standard  crystal  filters,  atomic  standards, 
and  other  elements. 

Additional  measurements  show  the  situation  to 
be  manageable  via: 

1.  proper  mount  design 

2.  choose  of  orientation 

3.  and  mechanical  isolation 

A  relationship  was  developed  to  characterize 
the  filter  similar  to  that  utilized  with  atomic 
standards.  In  addition  a  method  of  testing  was 
presented  for  obtaining  a  vibration  induced  side¬ 
band  envelope.  From  the  characterization  it  is 
apparent  that  any  component  that: 

1.  Has  a  sensitivity  to  vibration  and, 

2.  Is  to  be  used  in  high  frequency  systems 
which  are  to  transmit  low  data  rate; 
should  be  provided  with  acceleration 
sensitivity  and/or  vibration  induced 
sideband  level  for  1  Grms  at  100  Hz. 

The  results  presented  here  are  by  no  means  the 
best  obtainable. 
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ABSTRACT 


Both  conventional  ion  beam  etching  and  the  newly 
developed  reactive  ion  beam  etching  (RIBE)  are  being 
examined  as  potential  techniques  in  fabricating  VHF 
crystal  resonator  devices.  The  quality  of  a  crystal 
resonator  is  critically  dependent  upon  surface  finish  and 
parallelism.  A  technique  to  obtain  a  smooth  etched  surface 
is,  therefore,  very  desirable.  This  paper  is  a  report  on 
our  research  efforts  and  the  results  of  our  experiments 
using  conventional  ion  beam  etching  and  reactive  ion  beam 
etching  for  VHF  crystal  resonators. 

In  Ar  ion  beam  milling,  undesirable  trenching  anc 
redeposition  were  usually  observed  near  the  edge  of  the 
etched  wall .  These  problems  could  be  reduced  with  reactive 
ion  beam  etching  because  the  compounds  resulting  from  the 
reaction  between  the  substrate  and  the  reactive  gases  are 
volatile  and  can  be  pumped  out.  However,  a  fluorocarbcx 
accumulrtion  was  found  on  the  etched  surface,  preventing 
the  reactive  ion  etching  from  proceeding.  By  using  the 
combination  of  ion  milling  and  RIBE,  an  etch  rate  as  high  as 
30  tim/hr  has  been  achieved  with  a  gas  mixture  of  Ar  and 
^2^6.  etched  surface  was  clear  and  smooth.  This 

improvement  in  technique  was  found  to  be  very  successful 
for  the  long  etching  times  necessary  for  VHF  resonator 
fabrication. 

An  AT -quartz  resonator  with  an  0  urn  membrane  thickness 
has  been  fabricated.  The  resonator  has  a  loaded  Q  of  25000 
as  determined  by  transmission  measurements  at  the 
fundamental  frequency  of  200  MHz.  Our  innovative  RIBE 
techniques  and  VHF  resonator  work  will  be  reported. 


1.  Introduction 


Crystal  resonators  fabricated  by  mechanical 
polishing  have  a  physical  limitation  on  thickness  and 
size.  The  industrial  thickness  limitation,  for  AT  cut 
quartz  corresponding  to  50  MHz  fundamental  thickness  mode 
resonance,  is  about  33Mm.  For  many  years, 
researchers^  have  been  trying  to  reduce  the  thickness 
of  quartz  plates  In  order  to  obtain  higher  frec^jency 
resonators.  Chemical  polishing^)  and  ion  milling^^)  ^g^e 
the  two  main  techniques  used  in  these  efforts.  By  using  wet 
chemical  polishing,  resonators  having  fundamental 
frequencies  of  400  NHz  have  been  made.  However,  the 
quality  of  the  etched  surface  is  affected  by  many 
parameters  such  as  chemical  strength,  etching 
environments,  and  crystal  orientation .  Other  difficulties 
with  chemical  polishing  have  also  been  reported. 
Recently,  Ion  milling,  a  dry  etching  process,  has  been 


applied  in  fabricating  thin  crystal  membrane 
resonators^^) .  The  ion  milling  rate,  however,  is  low 
(about  5  ijm/hr) ,  and  several  problems  have  been  associated 
with  this  technique.  Quartz  masks  used  in  ion  milling  are 
difficult  to  fabricate,  and  the  side  wall  angle  of  the  mask 
is  hard  to  control.  Redeposition  from  sputtered  materials 
-  substrates  or  masks  -  onto  the  edge  of  the  membrane 
cannot  be  prevented.  Consequently,  the  aluminum  electrode 
on  the  top  of  the  redeposited  layer  breaks  down  when  this 
layer  peels  off  the  substrate.  The  fabrication  cost  in 
using  this  technique  is  still  high.  This  papier  will  report 
on  a  new  approach  to  fabricate  thin  membrane  crystal 
resonators.  Using  a  combination  of  chemical  reaction  and 
ion  bombardment,  reactive  ion  beam  etching,  (5)  has  proven 
superior  in  this  process.  An  etching  rate  as  high  as  30 
|im/hr  has  been  achieved  and  a  smooth  and  finished  surface 
has  been  obtained.  An  anistropic  chemically  etched  Si 
mask^^^  with  a  window  array  has  been  used,  enabling  the 
production  of  many  membranes  from  a  single  substrate.  This 
technique  will  be  of  importance  in  the  crystal  resonator 
industry. 


II  REACTIVE  ION  BEAM  ETCHING 


The  experimental  set-up  is  shown  in  Figure  1.  The 
system  is  a  slightly  modified  version  of  a  conventional 
ion-beam  machine  (Millatron  II,  Commonwealth  Scientific 
Co.);  alterations  were  made  to  permit  the  use  of  reactive 
gases.  A  gas  such  as  freon  is  used  to  create  a  plasma  in  the 
volume  contained  between  the  cathode,  the  cylindrical 
anode, and  the  inner  grid.  By  means  of  a  grid  held  at  a 
negative  potential,  a  well-collimated  ion  beam  is 
extracted  from  the  plasma  and  impinges  on  a  rotating, 
water-cooled  substrate  holder  at  ground  potential.  A 
shutter  with  an  attached  probe  for  current  density 
measurements  is  provided  to  protect  the  substrate  during 
initial  beam  tuning.  Typical  system  conditions  are 
outlined  in  the  figure. 

Previous  researchers(^)  have  found  that  the  etch  rate 
and  surface  profile  of  an  etched  wafer  are  dependent  upon 
the  angle  of  the  substrate  holder  with  respect  to  the 
incident  ion  beam.  This  dependence  was  investigated  by 
etching  quartz  crystals  in  an  Ar  ion  beam  while  varying  the 
angle  of  the  substrate  holder.  All  other  parameters  were 
maintained  constant.  A  Si  mask  with  an  array  of  scjjare 
openings  having  35*  sidewalls  was  used  to  define  the 
membrane  pattern  in  the  substrate.  An  angle  of 
approximately  35*  was  found  to  provide  the  highest  etch 
rate  (12pm/hr)  while  simultaneously  creating  a  flat 
surface.  At  angles  greater  than  35*,  the  centers  of  the 
membranes  are  etched  at  a  faster  rate  than  the  surrounding 
edge  areas,  resulting  in  roughly  'V  shaped  surfaces:  the 
35^  sidewalls  of  the  Si  mask  shadow  the  edges  during  a 
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portion  of  the  substrate  holder  rotation  cycle,  reducing 
the  etch  rate  in  those  areas.  At  angles  less  than  35°,  the 
membrane  centers  are  etched  only  by  the  incident  ions  while 
the  membrane  edges  are  etched  by  two  processes:  incident 
ion  bombardment  and  bombardment  by  ions  reflected  from  the 
side  walls.  The  higher  etch  rate  near  the  side  walls 
produces  an  undesirable  convex  shaped  surface,  commonly 
known  as  ' trenching' (8) .  All  subsequent  experiments  were 
conducted  at  a  35°  angle  of  incidence  unless  otherwise 
noted. 

In  order  to  investigate  and  characterize  the  reactive 
ion  beam  etching  technique,  the  inert  Ar  plasma  was 
replaced  by  a  reactive  gas.  Both  cr^  and  were 

initially  tested,  but  due  to  the  consistently  higher  etch 
rates  for  02^6  (1-T:1  for  pure  02^6  vs.  pure  CF^)  all 
further  tests  were  conducted  with  the  latter.  Unlike  Ar 
etching  where  surface  removal  is  purely  due  to  physical 
sputtering,  the  C2Fg  chemically  interacts  with  Si  to  form 

volatile  SiFA*^^0”12)  which  can  be  pumped  from  the  system. 
Using  C2F6  at  2x10-4  Torr,  an  accelerating  voltage  of  1250 

V,  and  a  current  density  of  3mA/cm2  at  a  35°  angle  of 
incidence,  etch  rates  as  high  as  23ijm/hr  were  achieved. 
Under  the  same  conditions,  Ar  etched  at  a  rate  of  12tim/hr. 
However,  the  quality  of  the  etched  surfaces  using  C2F6was 
very  poor.  Surface  profiles  (Sloan  DeWtak  IIA)  of  theC2F5 
etched  surfaces  revealed  irregularities  on  the  order  of 
l^i/Ti-2iim  (See  Figure  2).  As  shown  in  Figure  3,  the  etch  rate 
for  C2F6  was  not  constant  over  the  etch  time.  From  an 
initial  etch  rate  of  21kJii/hr  the  etch  rate  declined  to 
about  13tim/hr  after  30  min.  Conducting  detailed  studies  of 
the  chemical  etching  mechanism,  several 
investigators^^"!^)  have  concluded  that  in  a  system  using 
C2F6  carbon  is  absorbed  on  the  substrate  surface.  This 
carbon  accumulation  accounts  for  the  declining  etch  rate 
and  poor  surface  quality. 

To  overcome  the  surface  quality  problems  associated 
with  100^  C2F6,  mixtures  of  Ar  and  C2F6  were  used  with  very 
encouraging  results.  We  believe  that  the  Ar  serves  the 
purpose  of  physically  sputtering  the  adsorbed  carbon 
layer,  thus  removing  the  main  rate  limiting  factor  on  the 
chemical  C2F6  etching  process.  The  variation  of  etch  rate 
with  percentage  of  Ar  is  plotted  in  Figure  4.  As  the 
percentage  of  Ar  to  C2F6  increases,  a  maximum  etch  rate  is 
obtained  at  roughly  40%  Ar.  Etch  rates  as  high  as  30pm/hr 
were  achieved  with  the  40%Ar+60%  C2Fg  mixture.  In 
addition,  the  surfaces  etched  in  the  40%Ar-t-60%  C2F6 
mixture  were  extremely  smooth  and  flat.  Dektak  profiles 
show  etched  surfaces  which  are  slightly  convex,  varying  by 
less  than  lOOOA  in  a  200um  scan  range  (See  Figure  5).  In 
Figure  6,  SEM  photographs  of  a  membrane  with  454m  sidewalls 
etched  at  22.5iim/hr  reveal  the  superior  surface  quality 
attainable  with  40%Ar-60%  C2F6  mixtures . 


Ill,  VHF  Quartz  Crystal  Resonator 


Reactive  Ion  Beam  etching  has  been  used  to  fabricate  a 
thin  quartz  membrane  for  VHF  resonators.  A  double-sided 
poiished  quartz  plate,  50  imi  thick,  was  used  as  a 
substrate.  The  substrate  was  first  mounted  on  a  water 
cooled  stage  and  covered  with  a  Si  mask  hav  ing  400  urn  square 
open  windows.  The  plate  was  etched  through  the  Si  mask,  and 
the  thickness  of  the  membrane  was  varied  by  controlling  the 
etch  rate(20;im/hr)  and  etch  time.  In  most  cases,  a  low  ion 
accelerating  voltage  and  a  high  current  density  were  used 
in  order  to  obtain  the  fine,  finished  surfaces.  Several 
membranes  have  been  fabricated  on  the  same  plate  by  using  a 
Si  window-array  mask.  Electrodes  were  then  deposited  on 
the  two  sides  of  the  membrane  through  a  predesigned  Si 


mask.  The  overlapping  electrodes  fell  only  on  the  center 
portion  of  the  membrane.  The  etched  plate,  with  the 
membrane  array,  was  finally  diced  in  a  chip  form,  and 
mounted  in  a  To-5  package. 

The  main  features  of  these  miniature  devices,  using 
reactive  ion  beam  etching  versus  other  techniques,  are 
small  volume,  light  weight,  and  planar  mounting.  This 
technique  could  be  of  importance  for  hybridizing  a 
frequency  source  on  a  substrate  and  mounting  it  in  a 
package . 

An  AT-quartz  membrane  resonator  with  an  8  pm  membrane 
thickness  has  been  fabricated.  The  resonator  has  a  loaded 
Q  of  25,000  as  determined  by  transmission  measurements  at 
the  fundamental  resonant  frequency  of  200  MHz.  Figure  7 
shows  the  insertion  loss  amplitude  of  a  resonator  at  the 
fundamental  resonant  frequency  of  141  MHz.  Spurious 
responses  at  frequencies  higher  than  resonance  were  also 
detected.  No  studies  of  temperature  effects  and  aging  have 
yet  been  made. 


IV.  Summary 


We  have  developed  a  special  Reactive  Ion  Beam  Etching 
technique  to  fabricate  thin  quartz  membrane  resonators. 
Etch  rates  as  high  as  30  pm/hr  have  been  obtained,  and 
mirror-like  surface  finishes  have  been  achieved.  With  the 
high  etch  rates  attainable  with  this  technique,  process 
times  and  fabrication  costs  can  be  reduced.  Also,  as  is 
done  with  IC  chips,  many  resonators  can  be  fabricated  and 
cut  from  a  single  wafer.  Resonators  in  this  form  can  be 
used  in  a  hybridized  circuit.  A  resonator  with  a  loaded  Q 
of  25,000  at  the  fundamental  resonant  frequency  of  200  MHz, 
has  been  made. 

Accurate  thickness  control  is  very  important  in  using 
the  reactive  ion  beam  etching  technique  for  VHF  crystal 
fabrication.  However,  a  method  of  end  point  detection  has 
not  yet  been  worked  out.  So  far,  the  resonators  fabricated 
using  this  technique,  have  had  Q  factors  lower  than  the 
expected  Q  for  quartz  material.  Both  of  these  problems 
will  be  dealt  with  in  future  studies. 
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REACTIVE  ION  BEAM  ETCHING  APPARATUS 


HASS  FLOi  CONTROLLED 


FIG.l  Experimental  set-up  for  Reactive  Ion  Beam 
Etching.  Typical  conditions:  Substrate: 
Quartz.  Accelerating  voltage:  1250V.  Beam 
current  density:  3mA/cm2.  Base  pressure: 
2X10"^  Torr.  Pressure  during  etching:  2X10“^ 
Torr.  Gases  used:  Ar,  CF^,  C2F6. 
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FIG. 3  Graph  of  etch  rate  as  a  function  of  time  for 

surfaces  etched  in  100%  C2F6. 
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FIG. A  Graph  of  etch  rate  vs.  percentage  of  Ar  in 
C2F6.  Etch  time:  30  min. 
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FIG. 2  Dektak  profile  of  surface  etched  in  lOOX  C2F6. 
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FIG. 5a  Dektak  profile  of  surface  etched  in  AOX  Ar  - 
60X  C2Fg.  Etch  depth:  35iim. 
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FIG. 5b  Enlarged  view  of  surface  variation  in  figure 
(5a).  Scan  range  =  2C10tim. 
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FIG. 7  Insertion  loss  as  a  function  of  frequency. 

Fundamental  resonant  frequency:  141  MHZ. 
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FIG. 6a  SEM  photograph  of  surface  etched  in  40*  Ar  - 

60*  C2F6.  Etch  depth:  45iim.  Magnification: 

150X. 


FIG. 6b  Cross  section  of  etched  surface.  Etch  depth: 
45tim.  Magiiflcation:  150X. 
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The  kinetics  of  etching  of  AT,  BT,  X  and 
Y-  cut  quartz  plates  are  studied  and  the  etch 
rate  data  are  plotted  in  the  well  known  Arrhenius 
form.  The  specific  behavior  in  the  low  temperature 
region  can  be  understood  in  terms  of  surface 
texture  dependent  etch  rate  but  the  high  temperature 
region  allows  us  to  determine  an  apparent  activation 
energy  which  is  found  to  be  almost  independent 
of  the  cut. 

The  variation  in  the  roughness  parameters 
with  the  depth  of  etch  depends  on  the  orientation 
of  the  quartz  plate.  Moreover,  for  a  given  cut, 
the  changes  in  the  roughness  parameters  during 
dissolution  depend  on  the  direction  of  measurement 
of  the  roughness  parameters.  The  scanning  electron 
micrographs  agree  well  with  the  profiloraetry 
traces.  The  shape  of  the  etch  figures  for  a  given 
cut  shows  directional  effects  attributed  to 
asymmetrical  etch  rate  distributions.  These 
results  can  be  understood  in  terms  of  correlated 
symmetries  of  the  crystal  plane  and  the  etch  patterns. 

By  comparison  of  the  observed  patterns  with 
some  theoretical  predictions  made  by  Irving  some 
indications  are  also  given  on  the  possibility 
of  determining  the  approximate  shape  of  the  etch 
rate  surface  from  a  rectangular  combination  of 
etch  rate  distributions. 


were  lapped  with  a  5  (im  abrasive.  The  etching 
phenomena  described  in  this  work  were  produced 
entirely  by  a  concentrated  solution  of  ammoniym 
bifluoride  (typical  concentration  10.5  mol  1  ) 

maintened  at  a  constant  temperature,  T,  in  the 
range  290  -  360  K  for  various  periods  of  time. 

The  surface  textures  were  examined  after 
any  isothermal  etching  with  a  scanning  electron 
microscope  (SEM).  The  SEM  micrographs  were  taken 
along  an  observation  angle  of  0“.  In  addition 
to  SEM  studies  the  surface  textures  were  characteri¬ 
zed  using  a  microprocessor-based  surface  profilome- 
ter.  The  profilometry  traces  were  made  along 
two  specified  directions  of  the  various  crystal 
plates.  The  directions  of  traces  for  the  various 
crystal  plates  are  successively 


1.  for  X-cut  plates  :  the  crystallographic  Y  and  Z 

directions . 

2.  for  Y-cut  plates  :  the  crystallographic  X  and  Z 

directions . 

3.  for  AT-cut  plates  :  the  X  direction  and  the  p  di¬ 

rection  lying  at  90'  to  the  X 
direction. 


4.  for  BT-cut  plates  ;  the  X  direction  and  the  p  di¬ 
rection  lying  at  90°  to  the  X 
direction . 


Introduction 

The  construction  of  high  frequency  qu^r|z 
resonators  requires  very  thin  quartz  plates^*  . 
As  it  is  well  known  surface  imperfections  can 
markedly  disturb  the  vibrations  of  resonators 
and  consequently  can  degrade  the  ^f^rforraance 
of  high  precision  quartz  resonators  .  Quartz 
resonator  plates  are  commonly  processed  by  mechanjcgl 
polishing  which  creates  a  damaged ^sur face  layer 
As  suggested  by  some  authors  an  alternative 
and  simple  method  to  achieve  clean  and  smooth 
surfaces  consists  of  chemically  etching  quartz 
resonators  down  to  ^j^^ble  thicknes||s.  Some 
experiments  on  AT-cut  and  SC-cuf^  quartz 

resonators  have  been  carried  out  satisfactorily, 
quartz  surfaces  become  smoother  and  smoother 
whereas  chemical  polishing  proi|i^ces  no  significant 
Q  degradation.  A  recent  work  on  X,  Y  and  Z- 
cut  plateiets  has  revealed  that  the  mor-phology 
of  the  etch  figures  depends  on  the  orientation 
of  the  crystal  plate. 

The  purpose  of  this  study  is  to  investigate 
the  kinetics  of  etching  of  AT,  BT,  X  and  Y-  cut 
quartz  resonators  and  to  give  valuable  informations 
on  the  changes  of  surface  topography  with  prolonged 
e  tcfi  i  ng . 


Experimerital  Procedure 

The  resonators  used  were  synthe* ic  plano-convex 
qijartz  plates.  l^rior  to  etching  these  plates 


These  profilometry  traces  were  used  to  derive 
values  for  two  widely  used  statistical  and  vertical 
roughness  parameters,  the  centre  line  average 
roughness,  R  ,  and  r.m.s.  roughness,  R  , 
respectively  (ftfined  as  . 


where  z  is  measured  from  the  centre  line  and 
L  is  the  profile  length  in  the  x-  direction. 

Dissolution  Rates  of  Quartz  Plates 


Even  if  a  chemical  reaction  is  too  complex 
to  be  formulated  in  terms  of  the  mass  action 
law,  an  apparent  activation  energy,  E  ,  can  be 
still  obtained  from  a  plot  of  the  log  of  the 
reaction  rate,  fi,  versup  the  reciprocal  of  the 
absolute  temperature,  ,  according  to  the  well- 

known  Arrhenius  equation 

E 

R  A  exp  )  -  J 

where  k^  is  the  Boltzmann  constant.  The  pre-exponen¬ 
tial  term  A  includes  general  concentration  terms. 

For  thin  quartz  plates  the  dissolution  rate, 
R,  can  be,  for  various  isothermal  etchings,  reasona- 
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bly  evaluated  from  the  slope  of  the  linear  changes 
in  the  decrement,  Ad,  in  thickness  with  time, 
t.  Moreover  the  decrement.  Ad,  in  thickness  of 
a  resonator  which  oscillates  in  a  thickness  mode 
is  conveniently  expressed  in  terms  of  the  change, 
Af,  in  frequency  as 


where  f.  and  f^  are  the  initial  and  the  final 
frequency.  The  constant  of  proportionality  K  depends 
on  the  orientation  of  the  quartz  plate  and  on 
the  overtone  of  the  vibration. 

The  data  obtained  for  various  cuts  are  plotted 
in  Figs.  1  and  2.  It  is  seen  that  the  situation 
is  complex  but  one  can  roughly  distinguish  two 
different  behaviors  which  correspond  to  an  high 
temperature  region  (curves  BC )  and  to  a  low  tempera¬ 
ture  region  (curves  AB).  PLots  in  the  high  temperature 
region  consist  of  straight  lines  whose  slope  corres¬ 
ponds  to  an  activation  energy  of  about  0.44  + 
0.04  eV  (table  1).  Hence  as  shown  in  table  1  the 
orientation  has  only  a  slight  effect  on  the  etch 
rate . 

In  the  low  temperature  region  the  rate  data 
corresponding  to  the  X-cut  and  the  Y-cut  plates 
are  particularly  incongruous.  But  it  must  be  remarked 
that  this  situation  is  only  associated  with  freshly 
lapped  plates.  Effectively  if  the  same  chemically 
etched  quartz  plate  is  further  etched  in  a  fresh 
NH^F  HF  solution  the  data  obtained  lie  on  a  straight 
line  (curve  DE)  which  runs  parallel  with  the  curve 
BC. 

Surface  Texture 
Surface  Profilometry 

Changes  in  roughness  parameters,  R  and  R  , 
with  the  depth  of  etch,  Adg  =  Ad/2,  of  \he  planir 
surface  of  various  resonators  are  represented 
in  Figs  3  to  5.  These  show  that  the  influence 
of  the  depth  of  etch  on  roughness  parameters  is 
different  for  each  direction  of  a  given  cut  and, 
for  a  given  direction,  also  varies  with  the  orienta¬ 
tion  of  the  crystal  plane.  Except  for  AT-cut  plates 
etching  causes  effectively  a  marked  decrease  in 
both  roughness  parameters  measured  along  a  specified 
direction  and  in  contrast  an  increase,  followed 
in  some  cases  by  a  slight  decrease,  in  roughness 
parameters  related  to  the  perpendicular  direction. 
The  effect  of  crystal  orientation  is  conveniently 
illustrated  by  the  behaviors  of  AT-cut  and  Y-cut 
resonators.  For  quartz  C-3( inset  of  Fig.  3)  measure¬ 
ments  along  the  X-axis  reveal  that  the  R  and 
R  parameters  decrease  and  approach  equilibrium 
vilues  smaller  than  initial  values  whereas  chemical 
etching  on  Y-2  and  Y-3  plates  produces  an  increase 
of  both  fi  and  R  parameters  (Figs  3  and  4).  Moreover 
it  must  %e  remai-ked  that  it  exists  a  qualitative 
similarity  between  behaviors  of  Z  traces  for  X-cut 
and  Y-cut  plates  and  the  ft  trace  for  BT-cut  plates 
and  between  behaviors  of  X  traces  for  Y-cut  and 
BT-cut  plates  and  the  Y  trace  for  X-cut  plates. 

Such  markedly  oriented  changes  are  also  typified 
by  the  relevant  surface  profilometry  traces  shown 
in  Figs  6  to  9.  The  surface  profiles  in  Figs  6b, 
7a,  8a  and  9a  exhibit  a  relatively  stable  shape 
when  the  depth  of  etch  reaches  typical  values 
summarized  in  table2.  The  surface  profiles  in 
Figs  6a,  8b  and  9b  resulting  from  prolonged  etching 


are  respectively  elongated  parallel  to  the  crystal¬ 
lographic  X  and  Z  directions.  The  enlargment  of 
surface  profiles  produced  by  repeated  etchings 
is  common  in  all  the  figures  exaunined.  A  clear 
correspondence  between  the  evolution  of  surface 
profiles  during  etching  and  the  changes  in  roughness 
parameters  with  the  depth  of  etch  is  thus  established. 

Scanning  Electron  Microscopy 

SEM  micrographs  made  after  different  isothermal 
etchings  provide  further  information  (Figs  10 
to  12).  Etch  figures  with  distinctive  shapes  differing 
with  crystal  plate  orientation  are  revealed  in 
agreement  with  experimental  results  on  surface 
profilometry.  For  a  given  cut  the  shape  and  the 
orientation  of  the  etch  figures  are  uniform  at 
any  stage  of  etching.  For  X-cut  and  specially 
for  Y-cut  plates  when  the  depth  of  etch  reaches 
a  particular  value  the  etch  figures  become  stable 
in  shape  but  vary  only  in  size  with  subsequent 
etching,  moreover  on  the  X  and  Y  planes  the  etch 
figures  are  elongated  parallel  to  the  Z  axis. 
The  BT-cut  plate  etched  by  the  NH^F  HF  etchant 
reveals  etch  figures  of  shape  varying  with  the 
depth  of  etch,  repeated  etchings  result  in  a  ridged 
background  extended  along  the  X  axis  (Fig. 

As  previously  observed  by  several  workers 
only  the  AT-cut  plate  presents  a  smoothly  etched 
surface  with  uniformly  shaped  etch  figures  slightly 
elongated  along  a  direction  close  to  the  X  axis. 


Discussion 

Without  attempting  to  describe  the  details 
of  the  etching  process  some  typical  results  will 
be  discussed  in  relation  to  the  surface  texture 
of  quartz  plates.  Let  us  focus  attention  on  curves 
AB  in  Figs  1  and  2.  The  etch  rates  in  the  low 
temperature  region  are  very  rapid  and  are  partly 
concerned  with  freshly  lapped  quartz  plates.  These 
physically  uncertain  Arrhenius  plots  are  best 
understood  if  one  compares  the  typical  depths 
of  etch  of  table  2  corresponding  to  the  formation 
of  stable  etch  figures  with  the  depths  of  etch 
related  to  points  B  (Table  3).  Moreover  one  can 
remark  that  for  some  curves  representing  the  variation 
in  the  roughness  parameters  with  the  depth  of 
etch  there  actually  exists  a  point  of  inflexion 
I  (Figs  3  to  5).  This  point  I  corresponds  for 
various  quartz  plates  to  a  particular  value  of 
the  depth  of  etch  also  indicated  in  table  3. 

Comparison  of  tables  2  and  3  clearly  shows 
that  the  break  B  in  any  rate-temperature  curve 
is  tied  in  with  the  formation  of  relatively  stable 
etch  figures  on  the  crystal  surface.  The  conclusion 
that  the  etch  rate  in  the  low  temperature  region 
depends  on  the  surface  texture  is  corroborated 
by  the  Arrhenius  curve  DE  related  to  the  chemically 
etched  quartz  plate  which  gives  a  single  straight 
line  of  slope  comparable  with  that  obtained  in 
the  high  temperature  region.  Moreover  for  mechanically 
lapped  quartz  plates  the  etch  rate  is  susceptible 
of  enhancement  due  to  the  formation  of  a  disturbed 
surface  layer. 

SEM  micrographs  agree  well  with  the  profilometry 
traces  made  along  two  perpendicular  directions 
and  reveal  that  for  different  orientations  distinct 
types  of  etch  figures  occur.  From  Figs  10,  11 

and  12,  there' is  some  evidence  that 
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1.  For  X  and  Y-  cut  plates  typical  etch  figures 
elongated  along  the  Z  axis  develop  on  crystal 
surfaces.  The  etch  figures  on  the  X-  cut  plate 

show  a  digonal  symmetry  compatible  with  the  symmetry 
of  the  basal  X  plane. 

1.  Prolonged  etching  of  BT-  cut  plates  is 
accompagnied  by  a  progressive  extension  of  etch 
pits  along  the  X  direction. 

3.  Subsequent  etching  of  AT-  cut  plate  gives 
rise  to  a  concave  background  with  pits  slightly 

elongated  along  the  X  axis. 

Thus  the  morphology  of  the  etch  figures  reflects 
the  crystallography  and  the  orientation  of  the 
surface  on  which  they  are  formed. 

Moreover  Figs  1  and  2  reveal  that  the  etch 
rate  varies  with  the  crystal  orientation.  For 

example  it  is  evident  that  the  Y  plane  etches 
differently  from  the  BT-  cut  plane  by  a  factor 
of  about  0.2  at  353  K.  But  the  surface  orientation 
affects  only  slightly  the  activation  energy  with 
deviation  less  than  12  %  from  the  average  value 

of  0.44  eV.  A  consequence  of  a  diffusion  controlled 
reaction  is  that  different  crystallographjga^^y 

oriented  surfaces  should  etch  at  the  same  rate  ’  , 

therefore  it  is  reasonable  to  assume  that  the 
etching  mechanism  is  primarily  determined  by  the 
surface  orientation  and  properties.  The  fact  that 
etch  rates  are  approximately  insensitive  to  stirring 
is  also  in  contradiction  with  numeroi^^  experiments 
on  diffusiojx^  j^^ontrolled  reactions  .  Moreover 
some  authors  ’  have  stated  that  the  symmetry 
elements  of  an  etch  pit  or  of  an  etch  hillock 
in  general  correspond  to  the  symmetry  of  the  crystal 
plane  on  which  the  etch  figure  is  produced.  The 
morphology  of  the  triangi^^ar  pit.=  <.nich  develop 
on  Z-  cut  quartz  platelets'^  pro-  .es  an  additional 
argument  in  favor  of  a  surfac  orientation-governed 
reaction. 

The  surface  profilometry  traces  which  exhibit 
after  prolonged  etching  an  approximately  stable 
shape  are  also  interesting  because  they  suggest 
a  convenient  way  to  usej^^the  reciprocity  condition 

. i  stability  criterion  '  to  explain  the  final 

shape  of  dissolution  figures.  In  te^r^s  of  the 
stability  criterion  presented  by  Irving  a  concave 
intersection  is  stable  provided  there  is  no  plane 
of  lower  rate  lying  between  the  two  planes  forming 
the  intersection  and  reciprocally  a  convex  intersec¬ 
tion  is  stable  provided  there  is  no  plane  between 
them  with  higher  etch  rate.  In  other  words  let 
and  R  be  the  etch  rate  normal  to  a  plane  h 
and  to  the  reference  plane  and  0^  the  angle  between 
them.  If  R^  <  R^  cos  9^  hillocks  will  pro^^g^^e 

and  if  R,  >  R  cos  0^  etch  pits  will  form  ’ 
ho  h 


The  exp^^ted  variation  is  plotted  in  Fig.  13b. 
As  usual^  ,  the  etch  rate  of  the  Z  plane  is  assumed 
to  be  a  hundredfold  greater  than  the  etch  rate 
related  to  the  Y  plane  and  for  convenience  we 
have  make  use  of  some  primarely  data  on  an  almost 
"AT-cut"  plate  lying  about  31°  of  the  Z  axis. 
Since  only  orientations  neighbouring  the  reference 
AT-cut  plane  need  to  be  considered  in  applying 
the  statement  on  reciprocity,  the  conditions  for 
the  formation  of  a  concave  background  st  ■'.ture 
are  satisfied  by  the  expected  variation  of  surface 
rate  with  orientation.  It  seems  also  that  on  the 
basis  of  this  treatment  we  can  partially  explain 
the  sjij-iations  observed  on  deeply  etched  BT-cut 
plates  .  However  it  must  be  noticed  that  a  complete 
comparison  of  theoretical  predictions  with  etch 
rate  data  requires  a  detailed  knowledge  of  the 
etch  rate  versus  orientation  data.  In  particular 
the  etching  of  planes  lying  in  the  vicinity  of 
the  AT-cut  and  BT-cut  planes  must  be  systematically 
studied. 


Conclusion 


The  etch  rate  of  quartz  plates  of  various 

orientations  in  a  solution  of  NH^F  HF  has  been 

4 

investigated  in  the  temperature  range  290  -  360K. 

The  Arrhenius  plots  are  found  to  be  linear  in 

a  high  temperature  region  which  corresponds  to 
the  formation  of  stable  etch  figures.  The  measured 
activation  energies  are  only  slightly  affected 
by  the  surface  orientation.  In  contrast  the  variation 
of  the  etch  rate  with  the  surface  orientation 

is  pronounced. 

A  clear  correspondence  between  the  shape 
of  dissolution  figures  and  the  surface  orientation 
is  established.  Moreover  the  shape  of  profilometry 
traces  depends  on  the  direction  of  the  trace. 
The  SEM  micrographs  and  the  profilometry  traces 
provide  some  evidence  for  asymmetrical  etch  rate 
distributions.  A  rectangular  combination  ^^^f  etch 
rate  distributions  as  presented  by  Irving  allows 
us  to  explain  to  a  first  approximation  the  formation 
of  distinctive  dissolution  figures  on  some  crystal 
planes. 
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Quartz 

Plates 

E  (eV) 
a 

curve  BC 

curve  DE 

quartz  X-R2 

0.438 

X-cut 

quartz  X-R3 

0.438 

0.436 

\ 

r 

quartz  Y-R2 

0.484 

Y-cut 

quartz  Y-R3 

< 

0.475 

0.494 

BT-cut  :  quartz  BT-7 

0.432 

AT-Cut  ;  quartz  C-3 

0.390 

Table  1  :  The  activation  energy,  E^,  as  determined  from  curves  BC  and  DE  for  various  qu2U'tz  plates. 


Quartz  Plate 

Direction  of  trace 

Ad  (juffl) 

3 

type  of  background  structure 

BT-7 

P  -  direction 

>  2 

convex 

C-3 

X  -  direction 

>  2.5 

concave 

X-R2 

Y  -  direction 

>  1.6 

approximately  convex 

Y-R2 

X  -  direction 

1.2 

approximately  convex 

Table  2  :  The  formation  of  approximately  stable  etch  profiles. 


r - 

Quartz 

Ad  (urn) 
s 

point  B  in  Figs  1,2 

Ad  (Mm) 

8 

point  I  in  Figs  3,4 

Ad  (urn) 
s 

point  I  in  Fig.  5 

C-3 

2.45 

X-trace  :  2 

X-R2 

1.6 

Y-trace  :  1.7 

Z-trace  :  1.67 

Y-trace  :  1.7 

Z-trace  :  1.62 

X-R3 

1.5 

Z-trace  :  1.4 

Y-R2 

1.2 

Z-trace  :  1.25 

Z-trace  :  1.3 

Y-R3 

0.84 

Z-trace  :  0.9 

Z-trace  :  0.95 

BT-7 

2.5 

X-trace  :  2.5 

Table  3  :  Typical  values  of  the  depth  of  etch. 
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Figures:  The  roughness  parameter,  Rg,  as  a  function  of  the  depth, 

Adj,  of  etch  for  various  quartz  plates  and  for  various 
profilometry  traces. 


Figure  1  ;  Plot  of  InR  vs  T”  for  various  quartz  plates. 


0  ♦  Y-R3 


BT-7  •  Xaxis 


•  X  axis 


TIIO-A-')  1 

.01 _ I 

1  1  1 _ 1 _ 1 _ 1 _ 1 _  U 

1  2  3 

2.7 

2.9  3.1  3.3 

1  V 

Figure  4; 

The  roughness  parameter,  Rg,  as  a  function  of  the  depth, 
A  dj,  of  etch  for  various  quartz  plates  and  for  various 

InR  vs  T”^  for  various  quartz  plates. 

profilometry  traces. 

Figure  2  : Plot  of 

Dotted 

curves  are  for  chemically  etched  plates. 

Jj 


Figure  5:  The  roughness  parameter,  Rg,  as  a  function  of  the  depth,  quartz  C-3 

adj,  of  etch  for  various  quartz  plates  and  for  various 
profilometry  traces. 

Figure  7:  Changes  in  the  surface  profilometry  traces  with  the  depth 
of  etch  for  an  AT-cut  quartz  plate. 


Figure  8:  Changes  in  the  surface  profilometry  traces  with  the  depth 
of  etch  for  an  Y-cut  quartz  plate. 
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Figure  13:  Etch  rate  vs  orientation 

A  rectangular  combination  of  etch  rate  distributions 
leading  to  the  formation  of  a  concave  background, 
b)  Expected  plot  of  etch  rate  vs  orientation:  some  experi¬ 
mental  data  are  indicated  in  the  figure. 


I  micrographs  for  various  quartz  plates 

a)  Quartz  Y-R2  (^d^  =  2.24  ym) 

b)  Quartz  X-R2  (Ad^  =  2.75  jjm) 

c)  Quartz  BT-6  (Ad^  =  8.24  um) 
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ABSTRACT 


This  paper  reports  on  the  miniaturization  of  a 
chip  resonator  using  LiNb03  and  the  integration  of  this 
resonator  and  two  capacitors  for  a  4  or  8  bit  one  chip 
microprocessor  clock  generator,  which  has  an  amplifier 
to  form  a  Colpitts  oscillator. 

The  strip  type  crystal  resonator  using  LiNb03  was 
developed  with  a  suitable  crystal  orientation  and 
suitable  outline  dimensions.  The  size  of  a  4  MHz 
LiNb03  crystal  strip  is  4.5  x  0.6  x  0.5  mm.  This  is 
almost  20  times  smaller  than  that  of  a  AT-cut  quartz. 

Two  capacitors  were  integrated  into  the  same 
package  with  the  resonator  strip  chip.  As  the  mechan¬ 
ical  energy  is  strongly  concentrated  around  the  center 
of  the  strip  on  the  driving  electrodes,  the  strip  can 
be  mounted  directly  on  a  ceramic  substrate  without 
reducing  the  Q  factor.  This  film  dielectric  for 
capacitors  is  pre-printed  on  the  substrate.  The 
resonator  and  two  capacitors  are  encapsulated  under  a 
ceramic  cap.  The  resonator  is  8.0  x  3.2  x  2.5  mm  when 
used  as  a  chip  component. 

The  capacitors'  values  and  resonant  resistance  of 
the  resonator  are  optimumly  defined  by  examination  of 
oscillation  rise  time,  which  is  chosen  as  less  than 
50  us.  The  capacitor  value  of  20  i  8  pF  and  resonant 
resistance  value  of  less  than  150  0  gives  stable 
oscillation  for  typical  Fujitsu  N-Mos  or  C-Mos  4  bit 
microprocessors . 


1.  Introduction 


Electronic  devices  are  becoming  digitized  more 
and  more,  greatly  increasing  the  demand  for  stable 
clock  signal  oscillators  used  in  fundamental  oppera- 
tlonal  processors.  Therefore,  mechanical  resonators 
using  piezo-electric  material  are  attracting  attention 
due  to  their  high  Q,  high  stability,  and  miniaturiza¬ 
tion.  Especially,  for  one  chip  microprocessors  which 
have  been  used  recently  in  many  electronic  devices, 
the  frequency  range  required  for  resonators  extends 
from  several  MHz  to  several  tens  of  MHz,  and  thickness 
shear  mode  resonators  of  quartz,  ceramic,  or  LiTa03  are 
used.  The  LiTa03  chip  resonator  is  small  and  is  most 
suitable  for  miniaturization  [11[2],  thin  structure, 
light  weight,  and  automatic  assembly.  However,  to 
satisfy  a  demand  for  smaller  size,  we  Investigated  a 
LiNb03  piezo-electric  single  crystal.  Since  mechanical 
resonator  characteristics  strongly  depend  on  the 
material,  we  noticed  that  LiNb03  has  a  high  electro¬ 
mechanical  coupling  factor,  and  investigated  the 
crystal  axis  orientation  and  element  shape  to  obtain  a 
smaller  size  chip  component.  This  resonator,  when 
used  In  microprocessors,  features  not  only  small  size 
but  also  a  faster  (1/100  of  quarts)  rise  time  and 
stable  oscillation.  To  promote  higher  density  assembly 
and  to  decrease  the  number  of  components,  two  load 
capacitors  conventionally  mounted  externally  in  a 
oscillator  circuit  were  mounted  in  the  same  package,  of 
resonator  as  thick  film  capacitors,  to  realize  a  three 
terminal  chip  resonator  with  built-in  load  capacitor. 


The  paper  first  describes  features  of  the  LiNb03 
chip  resonator  comparing  it  with  LiTa03,  and  descrives 
an  application  example  and  optimum  using  conditions  for 
the  widely  used  4-blt  microprocessor,  noting  the 
oscillator  rise  time  and  temperature  characteristics. 
Then  the  thick  film  process  production  of  external 
capacitors  is  described.  At  the  end,  the  resonator 
characteristics  are  explained. 


2.  LiNb03  and  LiTaOj  chip  resonators 


If  a  piezo-electric  shear  mode  resonator  is  made 
in  a  strip  type  and  the  strip  longitudinal  direction 
agrees  with  that  of  the  displacement  direction,  there 
is  no  mode  transformation  at  the  strip  side  terminal 
face  and  spurious  response  is  suppressed  [3).  As  a 
result,  the  resonator  can  be  miniaturized.  Figure.  1 
shows  the  strip  type  resonator  structure,  where  2W  is 
the  strip  width,  2H  is  the  strip  longitudinal  length, 
and  21  is  the  driving  electrode  length. 

LiTa03  and  LiNb03  have  a  high  coupling  factor  for 
shear  waves,  and  the  energy  concentrates  around  the 
driving  electrodes.  The  crystal  axis  orientation  and 
element  shape  of  LiTa03  have  already  been  investigated 
from  viewpoints  of  temperature  and  spurious  characte¬ 
ristics  [2].  Similarly  Investigating  LlNb03  by  an 
vibration  analysis,  the  optimum  crystal  orientation  and 
clement  shape  are  obtained.  Table  1  shows  the  calcu¬ 
lated  crystal  orientation,  compared  with  that  of 
LiTaOj.  The  velocity  is  almost  equal,  but  the  coupling 
factor  of  LiNb03  is  1.3  times  higher  than  that  of 
LlTaOj  and  a  smaller  size  chip  can  be  expected.  To 
determine  the  element  shape,  for  the  strip  width,  a 
condition  that  never  generates  unwanted  spurious 
response  must  be  obtained  first.  Figure  2  shows  a 
conditions  generating  no  spurious  response  for  LiNb03 
and  LiTa03,  that  is,  there  is  a  no-spurious  condition 
in  a  narrower  strip  of  LlNb03.  For  the  strip  length, 
resonant  resistance  of  resonator  has  an  important 
factor.  Since  LiNb03  has  a  higher  coupling  factor,  it 
is  found  that  the  resonant  resistance  does  not  degrade 
even  if  the  strip  length  is  less  than  that  of  LlTa03 
as  shown  in  Fig.  3. 


Fig.  1.  Piezoelectric  strip  construction 
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Table  1.  Crystal  orientation 


Crystal  orientation 

Velocity 

(m/s) 

Coupling  factor 

e 

0 

LiToOs 

1 

IS 

CD 

C 

0° 

4340 

0.47 

LiNbOs 

-90 

90' 

-15' 

4580 

0.6  1 

( Ealerian  coordinates ) 


Fig.  2.  Conditions  generating  no  sprious  response  of 
resonator  for  LiNb03  and  LiTfO^ 


Fig.  3-  Relationship  between  the  ratio  L/H  and  Rl 

Consequently,  when  LitfbOj  is  used,  the  strip  is 
smaller  than  that  of  LiTa03  batch  processing  using 
a  wafer  unit  increases  the  effect.  Figure  A  shows  the 
case  when  A  MHz  chips  are  produced  from  a  two  inch 
wafer.  One  wafer  can  produce  about  500  chips  at  the 
same  time.  Furthermore,  powdered  LiNb03  material  is 
cheap  and  a  large  3-inch  or  A-inch  crystal  can  be  grown. 
Thus  the  LiNb03  chip  resonator  is  much  more  economical 
than  the  LlTa03  chip  resonator. 


Fig.  A.  One  LlNb03  wafer  forms  about  strips 


Figure  5  shows  admittance  characteristics  of 
LlNb03  and  LiTa03  resonators  using  these  crystal 
orientations,  compared  with  those  of  qualtz.  Because 
of  the  coupling  factor  of  the  piezo-electric  material, 
both  resonators  have  a  capacitance  ratio  less  than  1/30 
than  that  of  quartz.  Therefore,  the  difference  between 
the  resonant  and  anti-resonant  frequencies  is  consider¬ 
able  and  the  Inductive  frequency  range,  that  is,  the 
range  where  oscillation  is  possible  in  a  Colpitts 
circuit,  can  be  twenty  times  as  wide  as  that  of  quartz. 
Moreover,  since  spurious  response  points  near  the  main 
frequency  are  few  and  of  low  level  compared  to  those  of 
quartz  resonators,  oscillation  frequency  jumps  and 
stoppage  failures  can  be  expected  to  become  fewer. 

The  temperature  characteristic  of  a  thickness  shear 
mode  resonant  frequency  of  the  LiTa03  X-cut  is  known  to 
be  a  secondary  curve  [A].  On  the  other  hand,  the 
LiNb03  resonator  temperature  characteristic  is 
approximately  linear  with  a  -70  ppm/°C  slope.  This  is 
a  little  high,  but  is  acceptable  for  conventional  use 
of  a  microprocessor.  Figure  6  compares  the  temperature 
characteristics  of  the  LiNbOj  with  those  of  the 
LiTa03  resonator. 


3  453  4  53  4  5  (MHz) 

Frequency  Frequency  Frequency 

( I )  LIToO,  (2)  LINbO,  (3)  quartz 

Fig.  5.  Frequency  response  for  A  MHz  restonator 


Fig.  6.  Temperature  characteristics  of  l.iNb03  and 
LiTa03  resonator 

3.  Load  Capacitoi. 

3.1  Optimum  capacitor 

The  oscillator  circuit  in  ordinary  microprocessors 
is  regarded  as  a  modified  the  Colpitts  circuit.  As 
shown  in  Fig.  7,  it  consists  of  an  amplifier,  a 
resonator,  and  two  capacitors.  Depending  on  value  of 
the  two  capacitors  for  the  resonator,  there  are  cases 
where  stable  oscillation  is  not  obtained.  The  proper 
values  of  load  capacitors  for  stable  oscillation  are 
determined  from  measurement  results  of  the  rise  time  in 
the  operating  temperature  range  and  output  voltages  of 
clock  signal  high  level  and  low  level.  N-MOS  and  C-MOS 
A-bit  micropfocessor  widely  used  for  public  and 
industrial  objectives  were  investigated  here.  The  time 
until  the  circuit  oscillates  stably  when  a  5  V  pulse 
voltage  Is  applied  as  the  power  voltage  Vcc  is  called 
rise  time.  This  depends  on  the  load  capacitor,  temper¬ 
ature,  etc.  This  rise  time  is  required  to  be  stable  and 
high  speed. 
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Fig.  7.  1  chip  microprocessor  and  clock  oscillator 

'For  a  typical  Fujitsu  A-bit  microprocessor,  the 
MB8851  (C-MOS) ,  Figure  8  shows  the  results  of  LiNbOj 
4MHz  resonator  investigated  in  the  temperature  range 
from  -AO^C  to  85°C.  When  the  temperature  rises,  the 
oscillation-possible  range  becomes  narrow.  Figure  9 
shows  the  no-oscillation  region  and  oscillation  rise 
time  for  room  temperature.  The  smaller  the  load 
capacitor,  the  faster  the  rise  time,  and  the  rise  time 
is  50  us  or  less  near  Cl  and  C2  values  near  20  pF. 

Figure  10  shows  the  relationship  between  the  high  level 
and  low  level  oscillation  output  and  the  load  capacitor. 
If  the  load  capacitor  is  small  (10  pF  or  less) ,  the 
high  level  is  A.O  V  or  less  and  discrimination  becomes 
difficult.  The  investigation  using  the  N-MOS  A  bit 
microcomputer  MB88A1  found  that  stable  oscillation  and 
100  us  or  less  rise  time  was  obtained  similarly  with  a 
capacitor  of  about  20  pF. 


0  100  200  300 

Cl  (pF) 

Fig.  8.  Relationship  between  Cl,  C2  and  oscillation 
region 


Fig.  9.  Relationship  between  Ci,  C2  and  oscillation 
rise  time 
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Fig.  10.  Relationship  between  C2  and  oscillation 
voltage  Vi  (MB8851) 


3.2  Thick  film  capacitor  characteristics 

From  the  previous  Investigation,  it  was  found  that 
the  optimum  load  capacitor  was  about  20  pF  for  1-chip 
microprocessor  oscillator  circuits.  This  is  a  value 
which  can  be  realized  with  about  0.7  mm^  thick  film 
capacitor  if  its  specific  dielectric  constant  K  is  about 
100,  and  stable  oscillation  can  be  expected  even  when  the 
the  capacitance  change  is  ±20%.  The  production  accuracy 
of  this  thick  film  capacitor  can  be  easily  realized. 

We  made  about  30  pm  thick  and0.7mm^  area  capacitors  on 
an  alumina  substrate  using  BaTi03  thick  film  paste 
(K=100) .  The  dielectric  layer  was  a  three  layer 
structure  where  print,  dry,  and  fire  were  repeated  three 
times.  Characteristics  of  this  thick  film  capacitor  are 
described  below.  Figure  11  shows  temperature  charact- 
teristics  of  only  the  capacitor.  The  capacitance  change 
is  ±200  ppm/°C  over  the  temperature  range  from  -35°C  to 
85 °C  and  approximately  0.3  pF  in  the  range  Included  in 
the  stable  oscillation  region.  Table  2  summarizes  other 
electrical  characteristics.  The  tan£  Is  small,  0.1%  or 
less,  the  Insulation  resistance  is  IxlO^O  or  more  ohms, 
and  Che  breakdown  voltage  is  more  than  500  V,  equivalent 
to  ceramic  capacitors. 


Fig.  11.  Temperature  characteristics  of  thick  film 
capacitor 


Table  2.  Characteristic  of  thick  film  capacitors 


ton6 

Irwilotion  rtsittanct 

brtokdOMm  voltogs 

<0.1% 

>1x10'®  A 
(ot  100  V) 

>500  V 

k .  Resonator  with  Built-in  Capacitors 


Table  3.  Outline  and  dimension 


Construction  of  a  resonator  with  built-in 
capacitors  by  mounting  a  chip  resonator  element  on  a 
substrate  where  the  thick  film  capacitors  are  formed, 
is  described.  Figure  12  shows  the  resonator  structure. 
Three  external  terminal  electrodes  are  formed  at  three 
locations  on  the  substrate,  left  and  right  and  center, 
via  through  holes  connecting  the  surface  and  the  rear 
face,  opposite  to  the  capacitor  face.  All  these 
processes  use  the  thick  film  process  and  are  formed  by 
one  time  printing  on  a  large-size  substrate.  This  is 
suitable  for  mass  production.  The  96%  alumina  sub¬ 
strates  are  also  much  used  as  in  hybrid  ICs  and  a  large 
substrate  can  be  obtained  cheaply.  Figure  13  shows  an 
example  on  a  large  substrate  (114.3  x  95.5  mm^).  338 

chips  can  be  made  at  the  same  time  from  this  substrate. 
Since  this  is  a  energy  trapping  resonator  where 
resonator  energy  concentrates  around  the  driving 
electrode,  the  resonator  is  directly  mounted  on  the 
capacitor  upper  electrode  formed  on  the  alumina  sub¬ 
strate,  with  conductive  paste.  15] 

In  the  final  process,  giving  space  in  the  vibration 
portion  of  the  resonator  element  on  the  base  substrate 
and  sealing  the  entire  protection  cap,  the  capacitor 
built-in  chip  type  resonator  is  completed.  Table  3 
shows  dimensions  of  chip  type  and  SIP  type  resonators. 
The  SIP  type  resonator  can  be  produced  by  adding  a  lead 
frame  to  the  chip  type  and  by  transfer-molding.  Both 
types  share  the  same  process. 


(  Unit  ‘  mm ) 


Dimension 

Confiqurotion 

L 

W 

H 

a 

Chip  type 

A  type 

10.0  iO.  5 

4.510.5 

2  5+0.3 

2.54+02 

B  type 

B.OiO.S 

3.2+05 

2.510.3 

SIP  type 

A  type 

1 1.010.2 

4.3+02 

6.310.2 

B  type 

9.010.2 

43  ±02 

5.310.2 

LiNbOj  Resonator 


5 .  Overall  Characteristics 

Overall  Characteristics  of  the  LiNb03  chip 
resonator  including  20  ±  8  pF  capacitor,  in  a  4-bit 
C-MOS  microprocessor  application,  are  same  as  the 
circuit  consists  of  the  resonator  and  the  two  discrete 
capacitors.  The  oscillation  rise  time  was  200  us  or 
less  over  the  -50°C  to  100°C  temperature  range.  Figure 
14  compares  rise  times  of  the  LiNb03  chip  resonator  and 
a  quartz.  It  shows  that  the  former  is  about  100  times 
faster  than  the  latter.  On  the  other  hand,  frequency 
temperature  characteristics  over  the  temperature  range, 
as  shown  in  Fig.  15,  agree  with  LlNb03  resonant  fre¬ 
quency  temperature  characteristics  depending  on  material 
characteristics  shown  in  Fig.  6. 


Fig.  12.  Structure  of  LiNb03  resonator 


Fig.  13.  One  large  substrate  (114.3  x  95.5  mm*) 


Fig.  14.  Oscillation  rise  time 
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Fig.  15.  Relation  between  temperature  and  oscillation 
frequency  (Temperature  characteristics  of 
LiNb03  chip  resonator) 

Fig.  16  shows  temperature  characteristic  for  the 
oscillation  voltage.  It  shows  stable  oscillation  over 
the  temperature  range.  Figure  17  shows  the  oscillation 
voltage  for  power  supply  voltage  change.  The  clock 
signal  assures  ±0.8  V  margin  for  wide  range  variations 
of  about  20%  at  the  5  V  power  voltage.  This  can  be  said 
to  be  a  stable  clock  signal  oscillation.  Thus  we  could 
obtain  stable  oscillation  without  adjustment  even  in  the 
built-in  type  by  using  20  pF  ±  8  pF  for  the  two  load 
capacitors. 


6.  Conclusion 

We  developed  a  strip  type  resonator  generating  no 
spurious  response  and  having  a  low  resonant  resistance 
by  using  LiNb03  single  crystal  having  a  large  electro¬ 
mechanical  coupling  factor  and  by  investigating  optimum 
crystal  orientations  corresponding  to  the  vibration 
mode.  Compared  to  the  LiTa03  chip  resonator,  this  type 
resonator  is  smaller  and  more  economical*  and  is 
suitable  for  clock  oscillators  in  4-bit  one  chip  micro¬ 
processors,  When  the  element  is  used  in  an  oscillator, 
two  external  capacitors  are  needed.  The  optimum  value 
was  determined  by  the  time  to  reach  stable  oscillation 
from  power-on  time.  For  our  company's  C-MOS  (MB8851) 
and  N-MOS  (MB8841),  the  optimum  value  is  20  ±  8  pF ,  and 
with  this  value,  stable  oscillation  is  obtained  without 
adjustment.  The  rise  time  is  50  ps  or  less  in  the 
-35°C  to  +85 °C  temperature  range  (approximately  1/20 
of  quartz).  Since  the  strip  type  resonator  is  a 
energy  trapping  resonator  where  the  oscillation  energy 
concentrates  around  the  electrode,  the  resonator 
element  can  be  directly  mounted  on  the  substrate. 
Consequently,  by  directly  mounting  the  resonator  on 
the  upper  electrode  of  the  thick  film  capacitor  formed 
on  the  alumina  substrate,  the  resonator  and  capacitors 
could  be  integrated.  Thus  we  could  reduce  the  number 
of  components  of  1/3  of  the  conventional  number  and 
realize  a  three  terminal  chip  element  with  1/3  mounting 
area.  When  it  is  used  in  combination  with  a  micro¬ 
computer,  its  stable  oscillation  against  changes  in 
temperature  and  power  voltage  was  confirmed. 


Fig.  16.  Relationship  between  temperature  and 
oscillation  voltage 


Fig.  17.  Relationship  between  supply  voltage  Vcc  and 
oscillation  voltage  V]^,  V2 
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Summary 

Miniaturization  of  the  electronic  components 
leads  miniaturization  of  the  electronic  equipment, 
such  as  clocko, video  tape  recorders  and  their  cameras. 
This  is  the  recent  tendency.  To  meet  such  demands 
from  the  market,  chip  type  resistors  and  capacitors 
or  high  integrated  IC  have  been  developed.  Among 
these  chip  type  components,  sometimes,  crystal  re¬ 
quires  the  biggest  area  on  the  print  circuit  board. 
Therefore,  strong  demands  for  miniaturization  of  the 
cryc^tal  have  been  increasing. 

One  candidate  to  meet  this  requirment  is  an 
AT-Cut  strip  resonator  elongated  to  the  X  axis  which 
authors  have  been  studied.  As  a  result  of  our  in¬ 
vestigation,  the  development  of  a  new  miniature  AT- 
Cut  resonator  enclosed  in  a  cylindrical  package  as 
(1)3.0  mm  X  8.8.8  mm,  which  is  well  known  as  the  stand¬ 
ard  package  for  wrist  watch  crystal,  is  succeeded. 

The  resonator  named  "MS-309"  was  achieved  the  same 
electrical  characteristics  as  the  conventional 
HC-49/U  holder  crystal.  Therefore,  the  MS-309  helps 
more  miniaturization  of  the  equipments  not  only  in 
the  consumer  field  but  also  in  the  professional  com¬ 
munication  field. 

Introduction 

An  AT-Cut  resonator  vibrates  in  a  thickness 
twist  mode  in  which  the  direction  of  the  displacement 
is  parallel  to  the  diagonal,  X,  axis.  There  are 
many  advantages  to  use'  AT-Cut  strip  shaped  resonator 
elongated  to  the  X  axis  for  miniaturization  of 
crystal  blanks.  It  was  reported  that  a  mlnltature 
AT-Cut  strip  resonator,  which  had  good  electric 
characteristics,  was  realized  by  tilting  the  edges 
along  the  X  axis.  (1)(2)  Fig.  1  shows  Che  tilting 
way  under  the  coordinate  system.  The  theoritical 
tilting  angle  a  is  given  by  the  following  equation.O 

a  -  tan- ' 

^66 

where  Csf,  and  Cee  ate  stiffness  constants  refered  to 
the  rotated  coordinates.  According  to  the  experi¬ 
mental  results,  the  effective  range  of  a  is  from 
U  degrees  to  6  degrees. 

A  type  of  resonator  applying  this  technique, 
named  "AT-35",  was  reported  at  the  3l8t  F.C.S. 

In  this  case,  a  strip  resonator  was  mounted  at  both 
ends  along  the  X  axis  in  the  flat  package  as  the 
AT-35.  '  However,  there  were  difficulties  in  reducing 
the  size  more  than  the  AT-35  because  the  AT-35  wafer 
dimension  is  the  smallest  size  for  both  end  mounting 
without  worsening  the  electrical  characterlorics. 

To  overcome  such  difficulties,  it  was  considered 
Chat  mounting  of  one  of  the  short  edges  might  give 
better  characteristics.  In  fact,  crystal  impedance 
did  not  increase  in  spite  of  decreasing  the  length 
of  crystal  wafer. 
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On  the  other  side,  a  tuning-fork  crystal  reso¬ 
nator  for  wrist  watch  enclosed  in  a  cylindrical 
package  have  been  available  at  the  mass  production 
level.  So  it  was  tried  to  apply  this  cylindrical 
package  for  an  AT-Cut  strip  resonator.  Finally, 
the  miniature  AT-Cut  strip  resonator,  named  "MS- 309", 
has  been  developed.  This  MS-309  has  the  good 
electric  characteristics  and  the  high  environmental 
performance.  And  the  frequency  range  developed  is 
very  wide  from  4.19  MHz  for  clock  application  to 
17.7  MHz  for  V.T.R  one. 

Miniaturization 

Almost  all  performance  of  resonators  rely  on 
the  design  of  the  wafer.  Therefore,  care  must  be 
taken  for  the  design  of  the  wafer.  Crystal  imped¬ 
ance  of  an  AT-Cut  resonator  is  fairly  sensitive  to 
the  length  along  the  X  axis  which  is  the  displace¬ 
ment  direction  of  the  thickness  shear  mode,  while 
it  is  not  so  sensitive  to  the  length  along  the  Z' 
axis.  However,  if  the  length  along  the  Z'axis  is 
shortened  unnecessarily,  the  frequcy  temperature 
curve  shifts  from  the  original  cuvic  to  the  para¬ 
bolic.  And,  this  must  be  avoided. 

The  length  along  the  Z'  axis  should  be  selected 
so  that  the  coupling  between  the  thickness  shear 
vibration  of  the  desired  frequency  and  the  face 
shear  mode  of  the  wafer  must  not  be  originated. 
Frequency  of  the  face  shear  mode  is  given  by  the 
following  formula. 

f  .  S_  /  C.ss  -  Csfi^/CRR.^ 

8c  '•  p  > 

where  n  is  the  degree  of  overtone,  2c  is  the  length 
along  the  Z'  axis,  C55  and  Cgg  are  stiffness  const¬ 
ants,  p  is  the  density.  This  face  shear  is  the 
strongest  vibration  of  the  undeslred  modes,  so  that 
care  must  be  taken.  Fig.  2  shows  the  comparison  of 
crystal  impedance  at  room  temperature  with  two  diff¬ 
erent  wafer  design.  The  design  A  is  considered  to 
avoid  the  coupling  of  each  mode,  while  the  design 
B  is  intentionally  selected  for  the  ratio  of  c  to 
h  to  make  the  coupling. 

The  length  along  the  X  axis  should  also  be 
selected  not  to  couple  with  other  undeslred  modes 
than  the  discussed  above.  Fig.  3  shows  the  fre¬ 
quency  spectrum  for  the  resonators  changing  the 
length  along  the  X  axis  and  keeping  the  length  along 
the  Z'  axis  constant.  When  the  length  along  the 
X  axis  is  shortened  in  order  to  miniaturize  the 
wafer,  edges  of  wafer  must  be  beveled  or  curved  so 
that  the  vibration  energy  should  be  concentrated 
around  the  center  of  wafer.  In  this  case,  theo¬ 
retical  result  may  not  be  fit  to  the  practical 
result.  Therefore,  it  was  required  to  Investigate 
the  practical  frequency  spectrum  chatt  as  shown  in 
Fig.  3. 
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The  degree  of  beveling  and  curving  also  gives 
the  influence  to  crystal  impedance  of  the  resonator. 
Fig.  4  shows  the  relation  between  crystal  impedance 
and  operation  time  of  curving  by  pipe  method. 

As  shown  in  the  this  figure,  there  is  optimum  oper¬ 
ation  condition.  In  the  range  of  higher  frequency 
like  17.7  MHz,  a  good  result  is  achieved  without 
curving  process  because  the  length  along  the  X  axis 
against  thickness  can  maintain  enough. 

Mounting 

The  rectangular  AT-Cut  resonator  has  the  length 
along  the  X  axis.  Although  the  direction  of  the 
X  axis  is  very  sensitive  to  stress,  it  is  necessary 
to  support  the  short  edges  along  the  X  axis.  There 
are  two  ways  of  mounting  method  considered  such  as 
one  end  mounting  and  both  end  mounting.  Fig.  5 
shows  an  example  of  one  end  mounting.  In  this  case, 
another  end  is  free.  So,  the  vibration  of  the  reso¬ 
nator  never  receive  any  influence  created  by  mecha¬ 
nical  shock  and  by  thermal  shock.  Fig.  6  shows  a 
comparison  of  resistance  against  mechanical  shock 
in  each  case  of  mounting  methods.  As  shown  in  this 
figure,  the  frequency  drift  of  4.19  MHz  resonator 
with  one  end  mounting  is  less  than  both  end  mounting 
after  tested  under  the  condition  of  three  natural 
drops  from  75  cm  height. 

As  discussed  above,  the  one  end  mounting  method 
can  offer  to  keep  low  crystal  impedance.  Fig.  7 
shows  the  wafer  size  and  its  typical  equivalent 
constants  of  4.19  MHz  for  both  end  mounting  and  one 
end  mounting.  In  spite  of  decreasing  the  wafer 
length  by  30%,  the  Q  value  of  one  end  mounting  type 
achieved  twice  that  of  both  end  mounting. 

Electrode 

The  electrode  is  an  essential  part  for  vibrat¬ 
ing  the  piezoelectric  resonator.  Especially,  the 
shape  and  the  material  of  electrode  are  Important 
factors.  This  resonator  is  mounted  on  a  base  by 
soldering.  So  it  is  necessary  to  solve  the  problem 
such  as  the  migration  of  the  material  to  solder  and 
spreding  of  solder  to  the  elctrode.  The  dispersion 
of  equivalent  resistance  Is  affected  significantly 
of  the  soldering  area.  So,  the  electrode  shape  Is 
determined  as  shown  in  Fig,  8  to  keep  the  soldering 
area  as  narrow  as  possible. 

The  construction  of  the  electrode  is  decided 
as  a  multi-layer  structure  of  Cr  and  Ag  in  order  to 
prevent  electrode  migration.  This  selection  brought 
the  excellent  aging  characteristics. 

In  the  range  of  high  frequency  like  17.7  MHz, 
it  is  more  effective  to  choose  plating  back  than 
beveling  in  order  to  lower  crystal  impedance.  This 
way  also  leads  to  the  effective  energy  trap. 

Fig.  9  shows  the  change  of  crystal  Impedance  of 
17.7  MHz  crystal  resonator  as  a  function  of  the 
plating  back. 

Production  Process 

The  manufacturing  process  of  this  rasonator  is 
very  simple.  Especially,  the  fabrication  technique 
after  etching  process  is  the  same  as  mass  production 
technique  of  the  tuning  fork  resonator  for  wrist 
watch.  From  this  point  of  view,  the  resonator  has 
the  high  possibllty  of  mass  production. 


As  shown  In  Fig.  10,  production  process  are  as 
follows.  At  the  first  cutting  process,  crystal 
wafers  are  cut  to  certain  angles  and  length.  Then, 
wafers  are  ground  to  specified  thickness  and  they 
are  lapped  to  specified  frequency  using  the  abra¬ 
sive  powder.  At  the  second  cutting  process,  these 
crystal  wafers  are  broken  into  strips.  Then,  the 
strips  are  processed  to  convex  shape  by  pipe  method. 
But  in  the  range  of  higher  frequency  than  10  MHz, 
any  curving  is  not  required.  The  strips  are  etched 
chemically  to  remove  mechanical  damages  received 
by  beveling  so  that  the  surface  becomes  smooth. 

After  that,  the  strips  are  cleaned  with  water  and 
chemicals.  The  electrode  of  Cr  and  Ag  is  attached 
to  the  strips  by  the  vacuum  evaporation.  Next  step 
is  the  supporting  of  the  strip  on  a  base  by  solder¬ 
ing.  A  small  quantity  of  silver  is  additionally 
evaporated  on  the  electrode  so  that  the  frequency 
is  adjusted  within  a  desired  range.  Finally,  the 
can  containing  the  resonator  is  evacuated  and 
sealed,  so  that  the  sealed  resonator  will  vibrate 
stably  over  a  long  time.  Fig.  11  shows  the  final 
"MS- 309". 

Characteristics 

The  wafer  size  of  this  miniature  resonator, 
called  "Mf-309",  is  reduced  very  much.  So,  the 
electrical  equivalent  constants  of  this  resonator 
are  slightly  different  from  conventional  AT-Cut's. 
Table  1  shows  typical  equivalent  constants  of 
conventional  resonator  and  "MS-309"  at  4.19  MHz. 
Table  2  shows  their  typical  equivalent  constants 
at  17.7  MHz.  These  differences  have  no  influence 
on  practical  use  for  oscillators.  Besides,  "MS-309" 
has  very  high  Q  value.  Then,  the  oscillator  applied 
"MS-309"  can  maintain  the  stable  frequency.  This 
resonator  has  a  good  cubic  curve  of  frequency  vs 
temperature  characteristics  which  is  the  inherent 
characteristics  of  an  AT-Cut  resonator.  Therefore, 
it  is  stable  against  temperature  variation. 

Fig,  12  shows  a  typical  frequency  temperature  curve 
of  4,19  MHz  "MS-309".  Although  inflection  point 
of  T-C  curve  is  slightly  rised  from  the  original 
AT-Cut,  T-C  curve  is  broad  around  the  room  temper¬ 
ature.  So,  this  resonator  is  useful  for  the  high 
accurate  and  miniature  clock  oscillator. 

"MS-309"  is  very  stable  for  changing  of  envi- 
romental  conditions  due  to  one  end  mounting,  espe¬ 
cially  it  shows  the  high  resistance  against  the'~mal 
shock  and  the  good  aging  rate.  Fig.  13  shows  the 
result  of  thermal  shock  test  on  4.19  MHz  resonator. 
During  the  test,  resonators  are  exposed  10  cycles 
of  thermal  changes  at  -40'C  and  at  +85° C. 

The  frequency  and  crystal  impedance  drift  little. 
Fig.  14  shows  the  result  of  accelerated  aging  at 
+85°C  for  4.19  MHz  resonator.  This  condition  is 
equivalent  to  a  period  of  more  than  10  years  at 
room  temperature. 

Conclusions 

The  miniature  AT-Cut  strip  resonator  enclosed 
in  a  cylindrical  package  as  4i3  nxn  x  18.8  mn  has 
developed.  The  shape  of  wafer  is  the  strip  type 
with  tilted  edges  which  is  given  superior  temper¬ 
ature  characteristics  of  the  original  AT-Cut  cubic 
curve  offered  by  the  conventional  HC-49/U. 

"MS-309"  has  excellent  electric  characteristics  and 
environmental  performances  so  that  there  are  a  lot 
of  potential  applications  which  authors  are  expected. 
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Fig.  1.  A  strip  resonator  with  tilted  edges 
under  the  coordinate  system. 


Fig.  3.  The  frequency  spectrum  for  the 
resonators. 
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Fig.  2,  The  comparison  of  crystal  impedance  at  room 
temperature  with  two  different  length  along 
the  Z'  axis. 
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Fig.  4.  The  relation  between  crystal  impedance 
and  operation  time  of  curving  by  pipe 
method. 
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Fig.  6.  The  comparison  of  resistance  against 
mechanical  shock  between  both  end 
mounting  (Ar-35)  and  one  end  mounting 
(MS-309). 
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Fig.  5.  One  end  mounting  structure.  Fig.  7.  The  wafer  size  and  its  typical  equi¬ 

valent  constants  for  both  end  mount¬ 
ing  (AT-35)  and  one  end  mounting 
(MS- 309). 
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Table  1.  Typical  equivalent  constants  of  the 
conventional  resonator  and  "MS-309" 
at  4.19  MHz. 
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Table  2.  Typical  equivalent  constants  of  the 
conventional  resonator  and  "MS-309" 
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Flp.  12.  Typical  frequency  temperature 
characteristics  of  "MS-309". 
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ELECTRODE  STRESS  EFFECTS  FOR  LENGTH- EXTENSIONAL 
AND  FLEXURAL  RESONANT  VIBRATIONS  OF  QUARTZ  BARS 


Errol  P.  EerNisse 
Quartex,  Inc. 
Salt  Lake  City,  UT 


SUMMARY 

The  frequency  shifts  caused  in  length- 
extensional  and  flexural  modes  of  long,  thin 
bars  of  quartz  are  calculated  approximately. 

A  stress  coefficient  K  is  defined  for  the 
modes  and  calculated  for  all  possible 
crystallographic  orientations  of  the  bar.  A 
stress-compensated  cut  with  temperature 
compensation  is  found  for  the  length- 
extensional  mode.  No  stress  compensated 
orientation  was  found  in  the  calculations  for 
the  flexure  mode  for  any  of  the  commonly  used 
electrode  patterns. 

INTRODUCTION 

Electrode  stress  was  identified  in 
earlier  work  as  a  potential  source  of 
frequency  drift  in  thickness-shear  mode  quartz 

resonators.^  Calculatijns  of  the  frequency 
shifts  in  resonant  frequency  due  to  stresses 
from  electrode  metallization  through  nonlinear 
elastic  effects  showed  that  there  was  an 
orientation  whereby  the  nonlinear  elastic 
effects  on  resonant  frequency  are  zero,  thus 

leading  to  the  SC-cut.  Recent  demands  for 

small  size  and  large  numbers  of  resonator 
devices  have  led  to  photolithographic 
manufacturing  processes.  These  devices  tend 
to  be  very  small  and  since  they  are  made  using 
chrome/gold  electrode  metallization  with  high 
internal  stresses,  the  initial  stress  levels 
in  the  quartz  can  be  large.  Thus  it  is 
logical  to  assume  that  if  the  nonlinear 
elastic  effects  in  these  devices  are  typical, 
the  stored  frequency  shifts  in  the  devices  are 
large,  leading  one  to  conclude  that  long-term 
drift  problems  can  arise. 

Two  types  of  devices  that  have  been  used 
for  photolithographic  manufacturing  are  the 

length-extensional  bar  and  the  flexure  mode 
S-7 

tuning  fork.  The  resonant  frequency  of 

both  of  these  devices  is  controlled  by  the 
elastic  compliance  along  the  length  direction, 
so  analysis  for  both  is  similar.  This  work 
reports  on  the  theoretical  development  of  a 
theory  to  handle  nonlinear  elastic  effects  in 
such  devices  and  presents  calculated  results 
that  demonstrate  the  size  of  the  effects  in 
existing  device  designs  as  well  as  the 
options,  when  available,  to  reduce  the  effects 
by  proper  choice  of  crystallographic 
orientation  . 

GENERAL  THEORY 

The  previous  analytical  model  for 
electrode  stress  effects  was  based  on  the  work 

1  8 

of  Thurston  and  Brugger.  ’  This  theoretical 
development  was  sufficient  for  resonators 
where  the  initial  stress  is  homogeneous  and 


the  resonant  mode  can  be  adequately  described 
by  a  one-dimensional  model.  However,  for 
cases  where  the  initial  stress  is  not  uniform 
and/or  where  the  resonator  is  of  a  shape  where 
a  one-dimensional  model  for  the  resonant  mode 
is  inadequate,  Tiersten  has  developed  a 
perturbation  technique  of  general  application. 
The  reader  is  referred  to  several  good 
references  on  the  fundamentals  of  the 

theory ,9-10 

The  perturbation  technique  is  derived 
using  rigorous  expressions  for  the  interaction 
between  an  initial  stress  (biasing  stress)  and 
small  amplitude  acoustic  waves  at  a  point  and 
integrating  an  energy-related  stationary 
function  over  the  volume  of  the  resonator  to 
obtain  the  frequency  perturbation.  In  this 
way,  one  can  obtain  a  useful  approximation  to 
the  frequency  change  due  to  a  biasing  stress 
even  if  one  has  only  a  reasonable 
approximation  to  the  resonant  mode  shape  being 
perturbed.  The  present  work  uses  only  a 
selected  portion  of  the  overall  theory.  The 
frequency  shift  given  by 

Af/fo  =  (1) 

where  f  is  the  perturbed  frequency,  and  f  is 
the  unperturbed  resonant  frequency.  We  ° 
restrict  ourselves  here  to  perturbations  of 
the  resonant  modes  of  a  traction-free  body 
caused  by  an  initial  stress  in  the  bulk  and 
wherein  only  the  elastic  effects  play  a 
predominant  role  (neglect  piezoelectric 
stiffening  and  electric  boundary  conditions). 
The  resulting  expression  can  be  put  into  a 
form  which  has  some  similarity  to  that  of 
Thurston  and  Brugger: 


Af/fo  = 

6jj  +  s^gj^^  T^^)  gj^„  gj^g 

'o'**  ^o  ®JIKN  ^KN 

(2) 


Here,  Tg|,|  is  the  initial  stress,  6^^  is  the 
delta  operator,  is  the  third-order 

elastic  constant,  is  the  elastic 

compliance,  is  the  unstressed  mass  density, 
and  gj  is  the  normalized  displacement  for  the 


unperturbed  resonant  frequency  f^ .  Summation 
of  repeated  indices  and  differentiation 


CH2062  0/84/0000-0126$1.00  ©  1984IEEE 


126 


Fig.  lA.  The  result  of  accelerated  aging  for 
4.19  MHz  resonator. 


denoted  by  commas  are  assumed.  In  deriving 
Eq.  2,  we  have  invoked  the  traction-free 
boundary  conditions,  the  divergence  theorem, 
uniform  biasing  stresses,  and  the  relation 


^'^LKMR  ®L,K  ^M,R 


(3) 


where  c,,,,^.  is  the  elastic  stiffness  (the 
LKMR 

inverse  of  s  ).  Also,  it  is  assumed  in 
LKMR 


deriving  Eq .  2  that  the  initial  (biasing) 
stresses  are  small  enough  to  ignore  terms  of 
order  higher  than  one  and  rotations  in  the 
initial  (biasing)  displacement  gradients. 

Normalization  of  g  is  by  N,  where 
J 


^  //o  "j  "V 

and 


(A) 


gj  .  Uj  /  N 


(5) 


with  u 

J 


the  displacement  for  the  unperturbed 


resonant  mode. 


LENGTH-EXTENSIONAL  MODE  THEORY 

Consider  a  bar  resonator  of  IEEE  standard 

orientation  notation^^  (Zxtwt)  ®,  o,m  with 
length  1,  width  w,  and  thickness  t  as  in 
Fig.  1.  When  vibrating  in  a  length- 

extensional  mode,  all  the  stresses  T-  (in  the 

X  J 

plate  axes  system)  associated  with  the 

resonant  mode  are  zero  except  for  which 

is  given  to  good  approximation  for  long  bars 
(using  engineering  matrix  notation) 


sin(xx^/l) .  (6) 

The  displacements  u^  are  given  by 
Uf  =  /sj,  T^  dXj  1=1  ,2,3.  (7) 

Thus,  by  integration  over  x^, 

u  =  -  1  s  T.  cos(*x  /I)  /*  .  (8) 
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We  find  from  Eq .  3  and  Eqs.  7  and  8  that 
A  zx^/d^p^s^^)  (9) 


and  is 


^2  ^'^2  t  w  1  /  (2*^  )  (10) 

if  terms  like  (w/1)^  and  (t/1)^  are  neglected. 

Equations  7,  8,  and  10  can  be  used  to 

form  the  g  .  Substitution  of  g  into  Eq.  2 
K  K 

and  integration  over  v  leads  to  an  expression 
that  can  be  evaluated  with  known  values  of  the 
constants  for  quartz  to  obtain  actual 

numerical  answers  for  Af/f  .  The  reader  is 

o 

spared  the  details,  which  are  involved  because 
one  must  decide  which  axes  system  to  use  in 
performing  the  contraction  of  the  tensor 
expressions  in  Eq.  2  to  the  scalar  form  of  the 
answer.  in  the  application  of  Eq.  2,  terms  of 

(t/1)  and  (w/1)^  turn  up  after  carrying  out 
the  integrations.  These  are  ignored  here  for 
long  bars.  It  has  been  found  that  in  this 
one-dimensional  case,  use  of  the  crystal  axes 
system  was  most  practical. 


THEORETICAL  RESULTS:  LENGTH-EXTENSIONAL  MODE 

The  electrode  pattern  used  for  the 
length-extensional  mode  is  shown  in  Fig,  1. 
The  initial  (biasing)  stress  is  T^^rT^^rT, 

where  T  is  given  by  -t^T^/w  with  T^  the 

electrode  stress  and  t^  the  total  electrode 

thickness  on  the  two  opposing  surfaces.  The 
scalar  T  was  set  equal  to  one  for  the 
calculations.  All  other  T- ,  are  zero.  The 

1  tJ 

frequency  shift  can  be  represented  by  the 
relation 


Af  /  f^  =  K  T 


(11) 


where  the  stress  coefficient  K  is  the 
numerical  answer  from  solving  Eq .  2  with 
T= 1  .  Here,  K  has  the  flavor  of  the  K  stress 
coefficient  used  in  the  past  works  on 

thickness-shear  mode  resonator s . ^ 3 


Calculations  for  K  have  been  carried  out 
for  all  values  of  «,o,ui  using  the  published 


1  P 

third-order  coefficients.  As  a  check,  our 

calculations  for  the  Eq.  2  term  containing 
^LMKJAB  compared  to  Tiersten  and 


Ballato,  ^  who  calculated  nonlinear  modulation 
effects  in  length-extensional  resonators.  Our 
results  for  that  term  compare  directly  with 
their  results  except  that  we  interpret  their 
Figs.  2-4  as  actually  being  their  p 


parameter,  not  their  p  parameter  as  stated  in 
their  text. 


There  is  not  enough  space  here  to  show 
all  the  results.  Figures  2-6  show  results  for 
K  plotted  in  the  ®,  0  plane  with  mheld 
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constant.  From  a  practical  standpoint, 

uirO°  andijJ:90°  can  be  reasonably  accomplished 
in  the  photolithographic  process.  Also,  no 
particular  advantage  was  found  at  other  values 

of  K  over  what  was  found  for  U)  =  o°.  For  these 

reasons,  only  results  forii)=  0°  and  m  =  90°  are 
discussed  in  any  detail  here,  i.e.,  Figs.  2 
and  6.  It  is  apparent  in  Figs.  2  and  6  that 
there  are  loci  for  K  =  0  in  both  cases. 

The  orientation  commonly  used  for 

temperature  compensation  is  30°, 2°, 0°.  As 

seen  in  Fig.  2,  K=-0.127  x  10“^^  cm^/dyn  at 
this  orientation.  A  typical  stress  level  in 
the  Cr/Au  films  used  in  photolithography  is 

q  2 

2  X  10  dyn/cm  tension  in  the  film 
(compression  in  the  quartz).  If  the  device 
has  a  width  w  of  0.0085  cm  and  film 

thicknesses  totalling  2000  the  frequency 
shift  stored  in  the  device  after  fabrication 

is  -0.127x10“^^x(-2xl0^)x2000xl0"®/0.0085,  or 
+6.0  ppm.  As  the  stress  relieves,  the  6  Ppm 
will  diminish,  causing  a  downward  drift  in 
frequency  . 

There  are  loci  for  K  =  0  in  both  Figs.  2 
and  6.  The  piezoelectric  coupling  is  not 
appreciable  in  Fig.  6  near  the  K  =  0  loci. 
There  is  appreciable  coupling  for<D>o  in 
Fig.  2  along  the  K  =  0  loci  represented  by  the 
dashed-line.  Figure  7  shows  the  calculated 
piezoelectric  coupling  and  temperature 
coefficient  (slope  of  the  frequency  vs. 
temperature  curve)  along  the  dashed-line  K  =  0 
loci  of  Fig.  2.  There  is  reasonable 
temperature  compensation  all  along  the  loci 

for  ®>10°,  with  two  orientations  where  the 
calculated  temperature  slope  =  0,  at 

(12°, 2°)  and  ( 27° , 1 0° ) . The  exact  values  for 
these  two  orientations  will  be  slightly 
different  because  of  small  inaccuracies  in  the 
values  of  the  constants  used  in  the 
calculations  for  both  the  stress-caused  and 
temperature-caused  frequency  shifts  and 
because  of  the  approximate  nature  of  the 
solution  in  Eq.  6  used  for  the  displacement  . 

The  contours  of  zero  temperature 
slope  lie  nearly  along  constant  K  lines  in 
Fig.  2,  i.e.,  along  constant  o,  which  makes 
it  difficult  to  adjust  the  temperature 
behavior  and  stress  behavior  independently. 

In  the  case  of  the  SC-cut,  the  temperature 
slope  zero  loci  and  the  stress  zero  loci  are 
orthogonal  in  the  ®,  0  plane,  thus  allowing 
independent  adjustment  of  the  resonator 
respo  ise  to  temperature  and  stress  effects. 


FLEXURE  NODE  THEORY 

If  the  bar  in  Fig.  1  vibrates  in  lateral 
deflection  in  the  y  direction,  i.e.,  flexure 
in  the  xy  plane,  the  analysis  is  similar  to 
that  of  an  extensional  bar  in  that  the  same 
extension  compliance  sit  comes  into  the 


calculation.  The  deflections  are  different, 
however,  and  are  difficult  to  write  down 
analytically  in  rigorous  form  wherein  all  the 
traction-free  boundary  conditions  on  all 
surfaces  are  satisfied.  Beam  theory  is 
normally  used,  which  satisfies  relations 
between  moments  and  bending  curvatures  along 
the  length  of  the  bar.  We  use  the  results  of 
beam  theory  here,  admitting  in  the  beginning 
that  point-wise  satisfaction  of  the  continuity 
equation,  boundary  conditions,  and  the 
divergence  theorem  used  in  deriving  Eq .  2  is 
not  rigorous.  However,  the  integrals  over  the 
volume  of  the  bar  lead  to  the  proper  frequency 
relation  and  to  physically  sensible  results 
for  the  predominant  term  in  Eq.  2,  the  one 
containing 

Let  G(kx/1)  be  the  commonly  used^^ 
normalized  beam  function  which  describes  the 
lateral  deflection  in  the  y  direction,  with  k 
being  a  constant  determined  by  the  end 
conditions  of  the  bar.  This  deflection  is  the 
predominant  one,  so  if  one  ignores 
contributions  to  Eq.  9  from  u  and  u  ,  we  find 
that  3 

=  pQ  dx  (12) 

■'  0 

where  we  know  that 


/o 


G( kx/1)  dx 


(13) 


The  predominant  strain  is  along  the  x 
direction  with  odd  symmetry  about  the  neutral 
plane  of  bending  at  ysO.  It  is  given  by 


g,  ,  =  y  O^G/  3x2)  /  f,2  ( 

I  I  I 

with  the  other  strains  associated  with  the 
bending  given  approximately  by 


^^I.J  =  ®IJ11  ®1,1  ^1111* 


(  15) 


Mote  here  that  if  one  integrates  Eq .  15  over 

Xgly)  to  obtain  u^  that  there  is  a  constant 

of  integration  of  G(kx/1)  equal  to  the 
deflection  at  y=0. 

Substitution  of  Eq.  15  into  Eq.  3  leads 
to 


fj 


IJ11  IJKL  “'KLII  "^1  ,1 


1  dV 


/  3 


1  1  • 


(  16) 


Since  inverse  of  Eq.  16 

reduces  to 
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4  =  t  w3/  (^2G/^x2)2  dx 

^  A 


/  (12  ^  N*^  ) 


(  17) 


or,  from  the  properties  of  GCkx/l), 


14 


4  Jt2  f^2  ^  k'*  w2  /  (  12  Pq  s^^  l'*  ) 


(  18) 


which  is  the  usual  result  for  the  resonant 
frequency  of  a  long,  thin  bar  vibrating 
laterally  in  the  xy  plane. 

The  g  used  in  Eq.  2  are  found  in 
I ,  J 

Eq.  15.  The  predominant  g^  used  in  the  third 

term  of  Eq .  2  was  taken  as  G(kx/1)/N  since  we 

2 

ignore  here  terms  containing  (w/1)  and 

(t/i)2. 


THEORETICAL  RESULTS  FOR  THE  FLEXURE  MODE 

The  expressions  to  be  evaluated  in  Eq.  2 
for  the  flexure  mode  turn  out,  as  one  might 
expect,  to  be  almost  identical  to  the  results 
for  the  length  extensional  mode.  The  first 
and  second  terms  in  the  integral  of  Eq.  2  are 
identical  to  their  counterparts  for  the 
length-extensional  mode,  the  third  term  being 
slightly  different  because  the  predominant 
deflection  is  different.  The  electrode 
patterns  differ  as  seen  in  Fig.  1,  so  the 
biasing  stresses  are  different.  The  most 
common  electrode  patterns  are  as  seen  in  Fig. 

1  ,  or  minor  variations  such  as  the  side 
electrodes  passing  over  the  edge  to  cover  a 
small  portion  of  the  top  and  bottom  surfaces 
near  the  edge.  In  either  case,  the  biasing 
stress  can  be  approximated  as  follows  if  w^  is 

the  net  width  of  the  electrode  material  on  the 
top  or  bottom  surface  and  t^,  is  the  total 

electrode  thickness  from  opposing  sides  and  Tj. 

is  electrode  stress: 


^  =-t^  Tj.  (w^/t  +  1/w) 

(  19) 

2  ^-‘'e  tf  Tf  /  t  w 

(20) 

^  /  w 

(21) 

t^  Tf  /  t 

^  =  T  (Wg/w  +  t/w) 

(22) 

2  =  T  w^/w 

(23) 

2  =  T  t/w. 

(24) 

both  ratios.  Again,  Eq.  11  is  used  to 
present  the  results.  Figure  8  shows  the 
results  for  ip=o.  Note  that  K  has  about  the 
same  general  behavior  with  O  as  the  length- 
extensional  mode  except  for  the  vertical 
offset  caused  by  the  third  terra  in  the 
integral  of  Eq.  2  being  different  for  the 
flexure  mode  because  the  predominant 
deflection  is  in  the  y  direction  instead  of 
the  x  direction.  Based  on  the  theory 
presented  here,  the  K  for  the  flexure  mod 
does  not  become  zero  anywhere  in  Fig.  5.  in 
fact,  a  survey  of  all  orientations  shows  that 
K  i  0  anywhere. 

Alternate  electrode  patterns  have  been 
used.  For  Instance,  the  first  watch  crystals 
used  only  electrodes  on  the  top  and  bottom 
surfaces  with  the  orientation  tilted  out  of 
the  xy  crystal  plane  to  obtain  piezoelectric 

excitation  Another  electrode  pattern  used 

early  on  in  the  watch  industry  left  out  the 
side  electrode  of  Fig.  1  and  used  only  thin 
strips  along  the  edges  of  the  top  and  bottom 

surfaces.^  In  either  case,  Eqs.  22-24  can  be 
used  for  the  biasing  stress  by  letting  t/w 
approach  0.  Figure  9  shows  some  results  for 
this  case.  Again,  K  i  0.  Also,  a  survey  of 
all  orientations  showed  that  K  i  0  anywhere. 
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Abstract 

Since  the  modes  of  motion  in  contoured  quartz 
resonators  are  essentially  thickness-modes  varying 
slowly  along  the  plate,  only  the  thickness  dependence 
of  the  elastic  nonlinearities  are  retained  in  the  equa¬ 
tions.  The  nonllnearltles  contain  terms  up  to  cubic  in 
the  small  mechanical  displacement  field,  and  all  terms 
present  in  the  general  anisotropic  case  are  included. 

The  linear  portions  of  the  equations  are  respectively 
the  same  as  the  equations  that  have  been  used  heretofore 
in  the  analyses  of  contoured  AT-  and  SC-cut  quartz 
resonators,  with  a  change  in  the  thickness  differentiated 
term  that  arises  from  a  nonlinearity  in  the  boundary 
conditions  on  the  major  surfaces.  The  steady-state 
solutions  are  obtained  by  means  of  an  asymptotic  itera¬ 
tive  procedure  and  an  expansion  in  the  linear  eigen- 
solutions  while  retaining  the  nonlinear  correction  to 
the  eigensolution  that  has  a  resonant  frequency  in  the 
vicinity  of  the  driving  frequency.  The  slow  variations 
in  the  mode  along  the  plate  are  included  in  the  non¬ 
linear  correction  by  averaging  over  the  plate.  Limped 
parameter  representations  of  the  solutions,  which  are 
valid  in  the  vicinity  of  a  resonance  and  relate  the 
amplitude  of  the  mode  nonlinearly  to  the  voltage  across 
the  electrodes,  are  obtained.  The  expression  for  the 
current  through  the  crystal  is  determined,  the  external 
circuitry  is  incorporated  in  the  description  and  an 
equation  relating  the  mode  amplitude  nonlinearly  to  the 
driving  voltage  and  other  circuit  parameters  is  obtained. 
The  analysis  holds  for  the  fundamental  and  odd  harmonic 
overtones.  Nonlinear  resonance  curves  are  calculated 
for  AT-cut  quartz  using  the  known  nonlinear  coefficients. 
Such  calculations  cannot  be  performed  for  SC-cut  quartz 
because  the  coefficient  of  the  cubic  nonlinearity  is  not 
known.  An  equation  relating  the  change  in  resonant 
frequency  resulting  from  the  nonlinearity  to  the  current 
through  the  crystal.  Independent  of  the  external  cir¬ 
cuitry,  is  derived, 

1 .  Introduction 

Since  an  accurate  description  of  the  modes  of 
motion  in  contoured  AT-  and  SC-cut  quartz  crystal 
resonators  exists^  and  an  understanding  of  the  non¬ 
linear  behavior  of  these  devices  is  of  interest,  an 
analysis  of  nonlinear  resonance  in  contoured  quartz 
resonators  is  performed.  Inasmuch  as  the  modes  in  the 
contoured  resonator  are  essentially  thickness -modes 
with  slow  transverse  variation  along  the  plate,  only  the 
thickness  dependence  of  the  elastic  nonlinearities  are 
retained  in  the  treatment,  but  with  the  full  anisotropy 
of  doubly-rotated  cuts  included.  First  the  case  of 
pure  thickness-resonance  Is  considered  and  then  the 
treatment  is  extended  to  include  the  transverse  shape 
of  the  harmonic  modes  in  the  contoured  resonator.  The 
analysis  of  nonlinear  thickness-resonance  is  presented 
in  detail  because  couplings  that  were  ignored  in  earlier 
work^  are  included  here. 

In  fact  one  of  the  couplings  that  was  ignored  in 
the  earlier  work^  arises  not  from  the  inclusion  of  the 
full  anisotropy  of  the  nonlinear  interaction  in  this 
work,  but  from  a  term  that  exists  even  in  the  isotropic 
case  and  was  improperly  ignored  in  the  earlier 
analysis  .  Furthermore,  althou^  that  work®  treats  a 
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trapped  energy  resonator,  it  was  for  the  case  of  strip 
electrodes  only  and  did  not  consider  the  transverse 
behavior  of  the  modes  in  both  directions  in  the  plane 
of  the  plate,  as  is  done  in  this  work.  The  type  of 
nonlinearity  that  was  ignored  in  Ref, 3  was  properly 
included  in  recent  work*  on  the  nonlinear  vibrations  of 
quartz  rods,  in  which  it  was  shown  that  this  type  of 
nonlinearity  causes  a  change  in  the  resonant  frequency 
through  its  Influence  on  the  wavelength. 

The  linear  portions  of  the  equation  in  the  dominant 
thickness  eigendlsplacement  of  interest,  which  is  used 
in  the  description  of  the  transverse  behavior  of  the 
modes  in  the  contoured  resonator,  are  the  same  as  those 
that  have  been  used®'®  in  the  analyses  of  contoured 
SC-cut  quartz  resonators,  but  with  a  change  in  the 
thickness -wavenumber  caused  by  the  quadratic  nonlinear¬ 
ities  considered  here.  Since  the  analysis  is  to  be 
applicable  to  the  doubly-rotated  SC-cut,  in  the  case 
of  both  the  pure  thickness  resonator  and  that  of  the 
contoured  resonator  the  mechanical  displacement  field 
is  decomposed  along  the  eigenvector  triad  of  the  pure 
thickness  solution,  exactly  as  in  the  existing  work® 
on  the  linear  case.  Of  course,  all  conditions  imposed 
on  that  work  are  applicable  here  and  since  the  non¬ 
linearity  is  small  also,  only  the  thickness  dependence 
of  all  electrical  variables  is  included  in  the  treat¬ 
ment,  as  in  all  the  other  work  in  this  area^"®. 
Naturally,  the  nonlinear  portions  of  the  equation  in 
the  dominant  thickness  eigendlsplacement  are  the  same 
as  those  that  occur  in  the  pure  thickness  case,  but 
with  a  slow  transverse  variation,  since  it  has  been 
shown®  that  this  equation  reduces  to  the  pure  thick¬ 
ness  equation  when  the  transverse  variation  is 
suppressed. 

The  steady-state  solutions  to  the  nonlinear  forced 
vibration  problems  are  obtained  by  means  of  an  asymp¬ 
totic  iterative  procedure  and  an  expansion  in  the 
elgensolutlons  while  retaining  the  nonlinear  correction 
to  the  eigensolution  that  has  a  resonant  frequency  in 
the  vicinity  of  the  driving  frequency.  The  slow 
transverse  variation  in  the  mode  is  included  in  the 
nonlinear  correction  by  appropriately  averaging  over 
the  plate.  Lumped  parameter  representations  of  the 
solutions,  which  are  valid  in  the  vicinity  of  a  reso¬ 
nance  and  relate  the  amplitude  of  the  mode  nonlinearly 
to  the  voltage  across  the  electrodes,  are  obtained. 

The  expression  for  the  current  is  determined,  the 
external  circuitry  is  incorporated  in  the  description 
and  an  equation  relating  the  mode  amplitude  nonlinearly 
to  the  driving  voltage  is  obtained.  Nonlinear  reso¬ 
nance  curves  are  calculated  for  AT-cut  quartz  showing 
the  influence  of  driving  voltage,  quality  factor,  load 
resistance  and  harmonic  overtone  on  the  resonant  fre¬ 
quency.  Finally,  an  equation  relating  the  change  in 
resonant  frequency  resulting  from  the  nonlinearity  to 
the  current  through  the  crystal,  independent  of  the 
external  circuitry,  is  obtained.  Both  this  latter 
equation  and  the  calculations  indicate  a  significant 
dependence  of  the  change  in  resonant  frequency  result¬ 
ing  from  the  nonlinearity  on  the  order  of  the  harmonic 
overtone  of  the  contoured  resonator. 


2.  Thickness  Equations 

A  schematic  diagram  of  a  plano-convex  quartz  crys¬ 
tal  resonator  Is  shown  In  Fig.l  along  with  the  associ¬ 
ated  coordinate  system.  Since  the  modes  of  interest  in 
contoured  crystal  resonators  are  essentially  thickness- 
modes  varying  slowly  along  the  plate  and  the  amplitude 
of  the  motion  itself  is  small,  it  is  appropriate  to 
consider  only  the  thickness  (X^)  dependence  of  the 
elastic  nonlinearities,  by  virtue  of  the  small  piezo¬ 
electric  coupling  of  quartz.  Accordingly,  we  write  the 
pure  thickness  eguations  for  the  general  anisotropic 
case  in  the  form 

n'>  2  q  2 

c  u^  22-  ““l^P"  ‘®2  =■'^^^“1,2^  ’,2-  ^lf<“l,2>  ’,2 


,U2  2^2"  2p3[“-[^  2^3  2^  2  ’ 

(2.1) 

!  -  PU2  "  -  ^2^^“l,2^  ',2  ’ 

(2.2) 

,  -  PU3  =  -  631(0^  )  ]  , 

(2.3) 

are  sufficiently  widely  separated  in  cut  of  Interest, 
the  resulting  coupled  transcendental  frequency  equa¬ 
tion®"^  °  very  accurately  uncouples  and  we  effectively 
have  three  Independent  transcendental  frequency  equa¬ 
tions®,  one  for  each  thickness  elgendlsplacement  u^ . 

By  virtue  of  the  forms  taken  for  Kej  In  (2.5)  and  (2.6), 
which  Indicate  that  the  Uj  elgendlsplacement  Is  driven 
linearly  by  the  voltage  while  the  u^  and  U3  elgendls- 
placements  are  not,  the  aforementioned  uncoupling  Is 
already  built  Into  the  description.  Since  both  the 
thickness  of  the  electrodes  2h'  and  the  amplitude  of  the 
dominant  elgendlsplacement  u^  are  small,  the  boundary 
conditions  take  the  form 


K2j  =T2p'h'u^,  v  =  | 


itut 

6^“^,  at  X  =  ±h. 


K22  =  0,  K23  =  0,  atX2=±h.  (2.9) 

The  expression  for  the  X^  component  of  the  electric 
displacement  vector,  which  determines  the  current,  takes 
the  form® 


^2  ®22l“l,2- ®22'*’,  2  * 


(2.10) 


^  2  222"^  3266  6  ^6666’  ®1  2  ^^226  3666^  ’ 

®2  "  2  ^222'^  3266^  '  ^  1 

since  Uj  is  taken  to  be  the  "large"  thickness -driven 
elgendlsplacement  in  this  work.  We  note  that  the 
mechanical  displacement  field  Uj  is  referred  to  the 
eigenvector  triad  of  the  linear  piezoelectric  thickness 
solution,  in  accordance  with  Sec. 2  of  Ref. 2,  and  the 
c^ " '  denote  the  piezoelectrically  stiffened  eigenvalues. 
As  a  result  of  decomposing  u  in  the  diagonal  system,  the 
linear  portions  of  Eqs.(2.1)  -  (2.3)  are  uncoupled  in 
this  general  anisotropic  case.  The  elastic  constants  on 
the  right-hand  side  of  (2.4)  are  obtained  by  transform¬ 
ing  the  mechanical  displacement  components  u,  in  the 
original  coordinate  system  to  the  eigenvector  compon¬ 
ents  Uj  in  the  nonlinear  thickness  (X5) -dependent 


Also  referred  to  the  eigenvector  triad,  the  cor¬ 
responding  components  of  the  Piola-Klrchhof f  double 
vector  take  the  form 


K  -c^^> 
K21 


“1,2+ ( 


e2gC  +  c(l>K+e26 


iiut  ,  ,  3 

e  +Y(u^^2> 


As  already  alluded  to  verbally,  the  components  of  Cggj  > 
Kgj  and  Uj  occurring  in  this  work  are  respectively 
related  to  the  igg, ,  Kg,  and  u, ,  which  are  referred  to 
the  conventional  plate  axes  by  the  transformations® 

®22j  " ‘^jr®22r’  *^21  " ‘^1r^2r’  “i°‘^1r“r’  (2.11) 


®l^“l,2^  ^®2“l,2“2,  2“^  ^®3“l,2“3,2  ’ 

(2^  2 
K22=  c  “2,2'*’  ®2^“l,2^  ’ 

‘^23  =  "”^“3,2^¥“i,2>'  ’  <2-^> 

where,  since  Uj  is  the  "large"  driven  elgendlsplacement, 
we  have  included"  the  linear  (in  Xg)  elgenpotentlal, 
which  causes  the  term  eg^C  and  the  inhomogeneous  forcing 
term  c^ ' 'k  +  V/2h  in  (2.5)  where 

c<l)=c<l^l-k^^),  ,  (2.7) 


in  which  Qj ,  denotes  the  orthogonal  matrix  obtained 
from  the  thickness  eigenvalue  problem®. 

3.  Nonlinear  Thickness  Vibrations 

As  noted  in  the  Introduction,  althou^  this  problem 
was  treated  in  Ref. 3,  coupling  caused  by  an  existing 
quadratic  nonlinearity  was  improperly  ignored.  Further¬ 
more,  the  treatment  in  Ref. 3  was  for  the  AT-cut  only  and 
not  for  the  general  anisotropic  case  considered  here, 
in  which  the  equations  are  referred  to  the  eigenvector 
triad  of  the  linear  thickness  solution.  In  addition, 
solution  of  the  nonlinear  pure  thickness  vibration 
problem  serves  as  a  convenient,  If  not  essential,  model 
for  the  solution  of  the  nonlinear  resonance  problem  for 
the  contoured  resonator,  since  the  mode  In  the  contoured 
resonator  Is  very  nearly  a  thickness  mode.  Consequent¬ 
ly,  the  relevant  part  of  the  solution  of  the  nonlinear 
pure  thickness  vibration  problem,  namely  the  nonlinear 
eigensolution,  is  presented  here. 

Since  the  linear  solution  forms  the  essential 
starting  point  for  the  nonlinear  resonance  solution.  It 
Is  briefly  reproduced^^  here  with  the  slightly  changed 
notation.  In  order  to  satisfy  the  Inhomogeneous 
boundary  condition  (2.8)3,  w®  have  taken  Uj  and  cp  in 
the  form 


U3  +  KX^  > 


^  =  "yir  +  tp. 


in  which  e  has  been  suppressed,  and  we  note  that  K 
and  V/2h  already  appear  in  the  equations  in  Sec. 2  since 
they  are  on  the  Uj  and  cp  variables.  Since  2h '  is  small, 
from  (2.5)  and  (2.8)i,  we  have 


and  ui  is  the  driving  frequency.  Note  that  the  first 
index  2  in  Kgj  refers  to  the  normal  to  the  plate  and  the 
second  index  j  refers  to  the  respective  coordinates  of 
the  eigenvector  triad.  Note  further  that  we  have 
omitted  the  linear  (in  X3)  elgenpotentlal  from  Kjg  and 
Kg3  in  (2.6)  which  would  have  caused  terms  ejjj  C  (j  ■=  2, 
3)  in  Kgp  and  Kgj,  respectively,  that  couple  the  c^  ^  ^ 
elgensolutlons  for  shorted  electrodes®"'®.  Since  the 
piezoelectric  coupllT;^  is  small  in  quartz  and  the  c*  " 


and  we  note  that  the  linear  portion  of  (2.1)  takes  the 
form 

f  1^  2  2 

^u^^22'^  “1  '  ■  '®2’ 
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cp  =  u_  +  CX_  ,  cp=  0  at  X-  *  ±h  , 
12'^  2  ' 


^  ^  r8ln(2N  -  M)tt/2 
TT  L  2N  -M 


and  we  note  that  C  already  appears  in  (2.5).  The 
linear  eigensolution  (V = 0)  takes  the  form 


m  =  -  T1  C  =  -  sin  Tlh  ,  (3.6 

n  V  P  ti'  n  'n  > 

and  since  k|s  «  1  and  R  «  1,  from  (3.7)i,  we  obtain 

„_2 


=  —  U  +  C  X  , 
€22  n  2  ' 

(3.5) 

t  '/  V  ’ 

(3.6) 

6  -  2£V 

2  ’  ■  ph  ’ 

(3.7) 

V  "  2  ■  2_2  ■  ' 


In  the  vicinity  of  a  resonance,  say  the  Nth,  one 
term  dominates  the  series  solution  of  the  forced  vibra¬ 
tion  problem,  and  we  are  interested  in  finding  the 
influence  of  the  nonlinearities  on  the  Nth  eigensolu¬ 
tion  at  the  driving  frequency  cu,  which  is  near  (q, .  To 
this  end  we  systematically  obtain  the  solution  to  the 
nonlinear  pure  thickness  vibration  problem  by  system¬ 
atically  iterating  from  the  linear  solution  to  successl 
ive  orders  in  the  dominant  but  small  amplitude  A,, . 

Since  we  are  ultimately  interested  in  considering  a 
driving  voltage  and  damping,  we  use  complex  notation. 
From  (3.5)i  we  see  that  the  zeroth  iterate,  which  is 
the  linear  solution,  for  the  Nth  eigensolution  may  be 
written  in  the  form 

=  3in  i  tA^e^‘"SA^e-^‘^]  ,  (3.9) 

the  substitution  of  which  in  (2.2)  yields 

=  ^'\“2,22-  °lS  =  T  ’ 

(3.10) 

where  the  real  part  of  the  complex  bracket  is  under¬ 
stood  in  the  usual  way.  Since  the  piezoelectric 
coupling  and  amplitude  A,,  of  the  dominant  displacement 
are  both  small,  the  influence  of  the  external  circuitry 
on  the  nonlinear  eigensolution  can  be  shown* to  be 
negligible  and  can  be  Ignored.  In  order  to  satisfy  the 
boundary  condition  (2.9)^,  with  (2.6)i,  the  solution  of 
(3.10)  is  taken  in  the  form 


l“2  =I 


B^sln  Tl^X^e 


+  (3.11) 


where  the  B,  and  C,  are  obtained  from  the  orthogonality 
of  the  sin  T^X^.  We  now  suppose  that  at  most  only  one 
term  In  the  series  need  be  retained  for  our  purposes'^ ^ 
and  write 


lU2  =  C„simyC2  +  BMSln  yC^e 


(3.12) 


where  from  orthogonality,  we  find 
=  .  2.^,3 


®M  ■  2 


hD(4u)^  -  2)^) 


.  tl  ,3  33. 

M  2  .  ,  -2  ’  (3.13; 

hp(-y 


sln(2N  +  M)TT/21 
2N  +  M  J 


(3.14) 


Clearly,  similar  first  iterate  eqiiatlons  and  solutions 
can  be  found  for  ^Ug  and  1%.  Since  the  procedure  for 
finding  their  Influence  Is  essentially  Che  same  as  for 
jUs,  in  the  interest  of  brevity  we  will  omit  them  In 
the  derivation  and  then  simply  Include  them  In  the 
final  results.  Furthermore,  for  jUj  the  only  case 
of  interest  Is  M=N  because  c^^^  »  4c^^'. 

Substituting  from  (3.9)  and  (3.12)  in  both  the 
quadratic  and  cubic  terms  in  (2.1)  and  (2.8)i,with 
(2.5)  in  the  absence  of  0^  and  Pg ,  while  retaining  all 
terms  of  order  A^A,^  and  containing  the  time  dependence 
only  and  employing  some  trigonometric  identities, 
for  M  =  N  we  obtain  the  inhomogeneous  differential 
equation 

-d)  ••  2,„  icut  9  .2, *..,4,  ,  „  „ 

2“l,22"  ‘’2“l~  ’®2®  16  V2 


^  2  1,22  ^2“1  ^  16  ’"N 

+  sin  3^2)0"“^+  02(A^3,  +  A3jC^)T^  sin  2^26^“^, 


(3.15) 


and  homogeneous  boundary  conditions 

2^  "26^^  ^  'P''''2“l  =  ['  ^  V 

+  COS  3y)  -  B2(^n'"%V^  I  (l+cos2y)]e^‘‘ 


at  X2  =  ±h  , 


(3.16) 


for  the  second  iterate  gUj  of  the  nonlinear  thickness 
problem.  It  should  be  noted  that  the  right-hand  side 
of  (3.16)  is  negligible  because  A„  is  small  and 
T),h'«NTT/2.  Since  we  regard  A„  and  TV,  on  the  right-hand 
side  of  (3.15)  and  (3.16)  as  presently  unknown  and  the 
sin  I^Xj  term  will  arise  as  a  solution  of  the  linear 
differential  operator  on  the  left-hand  side,  the 
sin  TljXj  term  is  regarded  as  homogeneous  and  we  say  the 
iterate  is  corrected^^.  As  the  Nth  eigensolution  of 
the  linear  differential  equation  (3.15),  we  take 


(3.18) 


(3.19) 


2“l=V  '  =  V2-"S®^"2V2 

+  \  sin  3y2  ;  (3.17) 

the  substitution  of  which  in  (3.15)  yields 

p3^=e-(3)n^(l+p,)  ,  (3.18) 

2 

r  ®2  ^  AT 

■  27  j(l)^  tin  c2^  ’  S'"  8  ’  (3.19) 

where  3  N+1 

S  =  [(-'>  ' 

2-(l)  ._(2)  (1). 

S2  =  (^(1)'.3(20  • 

Substituting  from  (3.17),  (3.19),  (3.2Q)i  and  (3.6)3 
into  (3.16),  we  obtain 

tan  y  =  y  [1  +  M.PjjI/  [(k^g  +  Rll^^)  d  -  , 

(3.21) 


(3.20) 
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_ lc2  _ 

27  Nn  cos  Tlj^h 

sin  3iyi 


1 


8  ^2^N^c2 

9  Nttcos  Tl|^h  ‘’n  ""  8  "sin  Tlj^h 

16  ’^2^'^c2  ^V'  ®2 


27  Ntt 


sin 


Yc 


(1) 


(3.22) 


Since  k|g  «  1,  R  «  1  and  p,  «  1,  the  roots  T^jh  of 
(3.21)  must  differ  from  Ntt/2  by  small  quantities,  say 
An,  and  we  write 


V= 


N  odd 


(3.23) 


Substituting  from  (3.23)  into  (3.21)  with  (3.22), 
expanding  and  retaining  terras  linear  in  i, ,  we  obtain 


7  2,2,  NnR 

~  Nn  ''26  2 


-(!) 


32  ''2'^c2'^ 


27 


Ntt 


(3.24) 


the  substitution  of  viiich  in  (3.18),  along  with 
(3.20)i,j  (3.23),  yields  the  nonlinear  eigen- 

frequency  aVj  for  pure  thickness  vibrations  in  the  form 

^  Nnr  <  ^ 

2>'  L  ■  N^n^  ■ 


^(4^^!©)^c2^2)Vn]^ 

(3.25) 


c(l>  4h 


l^c(^>u;(^  sin  yi2+  4Gj^  sin  11^2+91^  sin  31^X2) e 


iUJt 


^  ±  Y^'uf  T^(sin 


c^^^2h  2 

2~N* 


+  P2“l 


nN 


(4.1) 


where  IL  and  P„  are  given  in  Eqs„(3.16)  and„(3.17)  of 
Ref.2,  Un  is  given  by  (3.17)  with  and  Ln  and 

“26 

2R 


~N  ~N,„  ^  .  -(1)  _(1)^  26  ,eY 

Uj^  ~  "=  c  -  2  2  *  » 

n  rr 

2  2 
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and  we  note  that  is  a  slowly  varying  function  of  Xj 
and  X3  . 

It  has  been  shown  that  the  linear  eigensolutions 
of  the  associated  homogeneous  problem,  i.e.,  of  (4.1) 
without  the  nonlinear  terms  and  with  V = 0,  can  be 
written  in  the  form^®’'^ 


-8 


u  =  e 
Inmp 


,  .  nnX  lU)  t 


and  we  recall  that  the  influence  of  the  nonlinear  coef¬ 
ficients  and  03  is  not  contained  in  (3.25)  because 
they  were  omitted  in  the  treatment.  Since  we  are 
interested  in  the  driven  nonlinear  solution  for  the 
contoured  resonator,  we  carry  the  nonlinear  solution 
for  pure  thickness  vibrations  no  further,  i.e.,  we  do 
not  obtain  the  driven  solution  for  pure  thickness 
vibrations  or  present  the  dependence  on  0i  and  83  .  As 
we  shall  see,  the  amount  of  the  solution  to  the  non¬ 
linear  pure  thickness  vibration  problem  presented  in 
this  section  is  crucial  for  obtaining  the  solution  to 
the  problem  of  the  nonlinear  vibrations  of  the  con¬ 
toured  resonator,  which  is  presented  in  the  next 
section. 


where  H,  and  Hp  are  Hermite  polynomials  and 

a^=  nVa^^VdRh^  ,  0^  =  nVa^'-^SRh^P  .  (4,4) 

n  n  on’  n  n  on 


The  linear  eigenfrequencies  u)„,p  may  be  found  from  the 
relation 


pu)^  =  (c^^^nV/4h^) +M  +P 
nmp  n  o  n  nrn  n  pn 


where 

Y^n"  “n^'-"'"  Ppn=  ^n^^''' m,  p  =  0,  2,  4,  . .  . 


(4.5) 


(4.6) 


4.  Nonlinear  Vibrations  of  Contoured  Resonators 


In  the  linear  case  it  has  been  shown  that  the 
inhomogeneous  differential  equation  for  the  forced 
vibrations  of  contoured  SC-cut  quartz  resonators  driven 
by  the  application  of  a  voltage  across  the  surface 
electrodes  may  be  written  in  a  form  given  in  Eq.(3.23) 
of  Ref.2.  In  view  of  that  equation  and  the  reasoning 
leading  to  it  and  the  solution  to  the  nonlinear  pure 
thickness  problem  presented  in  the  last  section,  it  can 
be  shown^*’®  that,  for  a  driving  frequency  U)  in  the 
vicinity  of  the  linear  resonant  frequency  %hp  of  one 
of  the  families  of  modes  associated  with  the  Nth 
harmonic,  the  Inhomogeneous  differential  equation  for 
the  nonlinear  forced  vibrations  of  a  contoured  SC-cut 
quartz  resonator  driven  by  a  voltage  across  the  surface 
electrodes,  i.e.,  the  equation  for  the  second  iterate, 
may  be  written  in  the  form 


n^ 


^2  n 

.2  n 

2  2.(1) 

d  u.. 

1  1  .  0 

0  U-  n  TT  c 

1  n  n  .Ji 

1  ~  +  r 

ax' 

4h' 

,2  N 

.2  N 

a  u 

a 

ax^ 

which  are  determined  from  the  condition  that  the  series 
for  Hp  and  Hp  terminate  and  they  be  polynomials.  Since 
only  the  harmonics  are  of  interest  in  this  work,  we 


have 


m=p  =  0,  1«=<»>N00' 


(4.7) 


Consider  the  Nth  homogeneous  equation,  i.e.,  the 
nonlinear  one  consisting  of  all  terms  not  included  in 
the  sum  in  (4.1)  but  with  V = 0,  multiply  by  u"  and 
integrate  over  the  entire  surface  to  obtain  the  welgjrted 
average  with  respect  to  X^  and  X3  since  the  solution 
function  in  (4.3)  is  essentially  the  slowly  varying 
thickness  solution.  The  weighted  average  turns  out  to 
be  most  convenient  because  of  the  use  of  orthogonality 
in  the  forced  vibration  analysis.  Then  from  the  result¬ 
ing  Xj -dependent  problem,  by  following  the  procedure 
used  in  the  pure  thickness  problem  treated  in  Sec. 3,  we 


obtain 


16  _(1) 
27  V 


^*^c2 

TltJ 


(4.8) 
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where 
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^  ■  32  _(1)  'V/n 

C 


(A.IO) 


In  obtaining  (A. 9)  ve  have  used  the  condition 

T]j^h  =  Ntt/2- Ajj  ,  (A. 11) 

which  is  analogous  to  (3.23),  and  from  which  we  obtain 


2  ^  Nji  / an  32  , 

‘^26  ^  2  V3y  27 


V.,  (A.12) 


-  X  ^  N^tt^  a  r  2  2  fll 

“"32_(1)  +  g_(l)2j^2  LVc2  Vc3  •  3J’ 


(4.19) 


and  we  have  included  the  Influence  of  the  nonlinear 
coefficients  3i  and  flj ,  which  have  been  omitted  from  the 
derivation®’ ,  as  we  said  we  would,  and  where 

r  ,=  (2c('>/c(3>)r(c<3)-2c<l^/Ac(l) 
c  J 

-  c^^^],  r  =-2/3.  (4.20) 

cl 

Thus,  for  an  ou  in  the  vicinity  of  aV(oo>  solution 
can  very  accurately  be  written 

NnX,  ,  e.^VX,  , 

_  T  .  2  ~  iiut  26  2  iiut 

=  -TWZ  ’ 

o  c  Zn 


in  the  same  way  that  (3.24)  was  found.  Substituting 
from  (4.5)  and  (4,2)2  (4.9),  we  may  write 

~2  2  .  .  /A^  128  Vc2l  ,,  , 

“\J00=‘^00  +  — ;T— +  y  27  „2  2j’ 

Ah  p  N  TT 


VX.,  .  _  e 
2  iout  , 


(A.  21) 


where  must  satisfy  (A. 16)  with  (A. 18). 


2  2  c^^^ 
N  TT  N 


£(1)  V  £(1)^-1  ’ 

N  ^  (A.IA) 


and  we  have  employed  (A.  A)  in  writing  (A.IA). 


In  order  to  find  the  nonlinear  relation  between 
the  amplitude  A,^  and  the  driving  voltage  V,  of  a  typical 
reduced  test  circuit,  we  substitute  from  (4.21)  into 
(2.10),  which  is  then  substituted  into 


^c=-  J*2 


(4.22) 


We  now  write  the  steady-state  solution  of  the 
inhomogeneous  equation  (4.1)  in  the  form 

A  A  s  iout 

“l  =  “noO^N  V2^  S  2^2'"  S  ^  V2^® 


*  1  I  1 

n^  m^  p^ 


(4.15) 


together 

and  we  note  that  we  are  interested  only  in  the  vicinity 
of  nonlinear  resonance,  i.e.,  when  the  term  containing 
Umjjj  is  dominant.  Substituting  from  (4.15)  into  (4.1^, 
using  the  orthogonality  of  the  eigensolutions  in  the 
plane,  then  substituting  from  (4.5)  for  the  linear 
terms  and  (4.9)  for  the  nonlinear  terms  and  then  using 
the  orthogonality  in  the  thickness  direction  and,  as 
usual,  replacing  the  circular  electrode  by  the  circum¬ 
scribed  square,  we  obtain 


-w 

C  W  TT  L, 


(4.16) 


and  we  do  not  bother  to  write  any  of  the  H'”’’  because, 
as  already  noted,  we  are  Interested  in  the  solution 
only  when  w  is  in  the  vicinity  of  uiijg  and  the  NOOth 
eigenmode  is  dominant  and  all  other  eigenmodes  are 
negligible  and  where 


^  2tt  f  /“n  ,  f  d  T  n 


From  Eq8.(4.10),  (4.11)  and  (4.13),  we  may  write 


(4.17) 


where  A^  is  the  area  of  the  electrode  and  I^  is  the 
current,  to  obtain 

imc,,  ^ 

^c  °  2h  ^’•■'■''26^^e'^  ■  ^“*26  TT  "^00  ’  (*•23) 

in  which,  for  convenience,  we  have  again  replaced  the 
circular  electrode  by  the  circumscribed  square  and 

2  ^ 


fZ  26 

’^26  2  • 
'■  ‘'26 


(4.24) 


The  equation  for  the  reduced  test  circuit  takes  the 
form 


V  +  I  (R  +R,)+V=0, 
8  c'  g  X'  ’ 


(4.25) 


idiere  R,  and  R^  are  the  generator  and  load  resistance, 
respectively.  Substituting  from  (A. 23)  and  (4.25)  into 
(4.16),  we  obtain 

2  2~ 

4u) 

r  ^^b^\^®22  '"2  -  1 

•  ■■  =  i“'(Rg+v 


f2  ~^00^  _  ^26  •^(X)  ^ 

22  26  htjjpQ  ^(1)  Ljjqq  g’ 


(4.26) 


^00=“’n00+“^'^N^’  \=  (c^^Vp)(NV/Ah^),  (4.18) 


and,  as  usual,  we  have  replaced  by  where 


®^CX)  *  ‘“noO  • 


(4.27) 
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in  which  Qn  is  the  unloaded  quality  factor  of  the 
resonator  in  the  Nth  harmonic  family  of  modes.  Equa¬ 
tion  (4.26)  is  the  nonlinear  equation  relating  the 
amplitude  of  the  mechanical  displacement  to  the  gener¬ 
ator  voltage.  Since  (4.26)  contains  aJ  as  well  as  A^, 
we  multiply  (4.26)  by  its  complex  conjugate  and  after 
some  algebraic  manipulation  obtain 


£7[d^  +  c^  -  2(d+ ca)u^QQQt7+  (1  +  a^)  =  e  V  > 


where 


8 

(4.28) 


e. 


b=“(^- V®22  hL 


^g= Vg’  ^ 

^26'4oO  N^tt^  ® 

V  =  - r-  ,  e  = 


26"‘k00 


NOO 


4w 


2  ’ 
‘^OO  ,2  2  ,  ^  J  2  2  ‘"nOO^ 

c=-  -^+  a(a,  -a^Oo^  -b,  d=uj  -0^00  +  ^^  • 


■“N 


A  very  interesting  and  valuable  relation  giving  the 
change  from  the  linear  resonant  frequency  at  maximum 
current  due  to  the  nonlinearity  can  be  obtained  from 
(4.18)^and  (4.23),  independent  of  the  external  cir¬ 
cuitry,  by  noting  that  at  resonance,  V  can  be  neglected 
in  (4.23)  to  obtain 


I  - 
c 


ioue 


26  h  NOO 


(4.30) 


Then  substituting  ^ ^  ^ jj  +  in  (4.18)i  and  employ¬ 

ing  (4.30),  we  obtain 

Qh^I  I* 

^  =  - |-£j-  ,  (4.31) 

^‘“nOO®26'4oO 


which  is  the  complete  equation  relating  the  change  in 
resonant  frequency  to  the  square  of  current.  If  the 
coefficients  of  the  quadratic  nonlinearities  ^ 
and  03 ,  which  turn  out  to  have  a  very  small  influence 
on  the  total  nonlinear  behavior,  are  neglected  and  the 
electrodes  are  assumed  to  be  sufficiently  large  that 
the  error  functions  in  (4.17)  can  be  taken  to  be  unity, 
which  is  approximately  true  in  almost  all  practical 
cases,  Eq.(4.31)  can  be  put  in  a  very  illuminating 
form.  When  the  foregoing  approximations  are  made  and 
we  substitute  from  (4.17)i  and  (4.19)  with  (4,4)  into 
(4.31),  we  obtain 

4  2  * 

9  YN  TT  I  !(, 

^  ^  2 - T’ 

8(32) 


which  clearly  shows  that  Am  for  the  contoured  resonator 
depends  much  more  strongly  on  the  order  of  the  over¬ 
tone,  than  for  the  thickness  vibrator  or  even  the 
trapped  energy  resonator^.  In  hindsight  this  seems 
obvious  because  in  the  contoured  resonator  the  confine¬ 
ment  of  the  node  increases  rapidly  with  the  order  of 
the  overtone,  which  results  in  an  Increase  in  the 
amplitude  of  the  mechanical  displacement  for  a  given 
current  level.  Equation  (4.32)  also  reveals  an 
explicit  dependence  of  on  the  effective  planar 
elastic  constants  and  as  well  as  a  dependence  on 
the  radius  of  the  contour  R  and  the  center  thickness  2h(3 . 

5 .  Results 


Calculations  can  now  readily  be  performed  for  AT- 
cut  quartz  since  the  fourth  order  nonlinear  elastic 
constant  Cgesej  which  appears  in  the  expression  for  V 
given  in  t2.4)i,  is  known^’^  for  the  AT-cut.  However, 


since  Cgese  is  not  known  for  any  other  cut,  including 
the  SC-cut,  such  calculations  cannot  be  performed  for 
the  SC-cut.  Calculations  have  been  performed  using  the 
knoim  values  of  the  second  order  elastic,  piezoelectric 
and  dielectric  constants  of  quartz^®,  the  third  order 
elastic  constants  of  quartz^  and  the  above-mentioned 
value  of  ^as6  AT-cut^^  .  The  results  of  the 

calculations  are  presented  in  Figs. 2-7  and  Table  I. 

All  the  results  appearing  in  the  figures  are  for  a 
nominal  5  MHz  (actual  5.2  MHz)  fundamental  plano-convex 
resonator  with  a  center  thickness  2ho  =  .3282  mn,  a 
radius  of  curvature  R=5  cm  and  an  electrode  diameter 
2X=  3  mm  for  a  few  driving  voltages  Vj ,  load  resist¬ 
ances  R,^  and  unloaded  quality  factors  Q,,  .  Figure  2 
shows  the  amplitude  of  the  current  as  a  function  of  the 
driving  frequency  for  the  conditions  shown  in  the 
figure.  The  response  curve  shown  in  Fig. 2  is  exactly 
the  same  as  the  one  that  would  have  been  obtained  from 
a  linear  analysis.  This  is  a  result  of  the  fact  that 
the  frequency  scale  used  in  Fig. 2  is  too  large  to  show 
the  nonlinear  effect.  Figure  3  shows  current  response 
curves  as  a  function  of  driving  frequency  for  a  few 
driving  voltages  to  a  small  enough  frequency  scale 
to  exhibit  the  influence  of  the  nonlinearity.  The 
middle  curve  is  for  the  same  conditions  as  Fig. 2  and 
indicates  a  clear  nonlinear  effect  in  the  vicinity  of 
resonance.  The  dotted  curve  shown  in  Fig. 3  was 
obtained  from  Eq.(4. 31)  and,  as  can  be  seen  from  the 
figure,  it  goes  through  the  maximum  current  points  of 
all  the  solid  response  curves  shown  in  the  figure. 
Figure  4  shows  current  response  curves  for  a  fixed 
driving  voltage  and  load  resistance  R^  for  a  few 
quality  factors  .  Figure  5  shows  current  response 
curves  for  a  fixed  driving  voltage  and  quality 
factor  On  for  two  values  of  load  resistance  R^  . 

Figures  6  and  7  show  current  response  curves  for  the 
same  values  of  R,^  and  and  two  different  driving 
voltages  for  the  first,  third  and  fifth  harmonics.  It 
is  clear  from  both  figures  that  the  order  of  overtone, 
i.e.,  value  of  N,  has  a  significant  influence  on  the 
shift  in  resonant  frequency  resulting  from  the  elastic 
nonlinearity,  as  already  indicated  by  Eq.(4.32).  In 
fact,  the  figures  indicate,  as  does  Eq.(4.32),  that 
the  value  of  N  has  a  stronger  influence  on  the  shift 
in  frequency  An  than  the  current  Ij . 

A  comparison  of  the  coefficient  of  nonlinear 
dependence  of  frequency  on  current  obtained  from  the 
complete  relation  (4.31)  with  that  obtained  from  the 
approximate  formula  (4.32)  is  given  in  Table  I  for  two 
different  plano-convex  resonators  for  a  number  of  radii 
of  curvature  of  the  contour  for  the  first,  third  and 
fifth  harmonics.  Both  resonators  have  an  electrode 
diameter  of  3  mm.  It  can  be  seen  from  the  table  that 
the  agreement  is  much  better  for  the  thinner  resonator 
than  for  the  thicker  one.  This  is  a  result  of  the 
fact  that  the  confinement  is  considerably  sharper  in 
the  thinner  resonator  than  in  the  thicker  one,  as 
shown  by  Eqs.(4.3)  and  (4.4),  and  both  have  the  same 
small  electrode  diameter  of  3  mm.  This  means  that  the 
electrode  diameter  of  3  mm  is  much  too  small  to  be 
practical  in  the  case  of  the  thicker  resonator  but  that 
it  is  fine  for  the  thinner  resonator.  The  table  also 
shows  that  for  the  fundamental  mode  (N=l)  of  the 
thinner  resonator  the  agreement  decreases  with  increas¬ 
ing  radius  of  curvature  of  the  contour.  This  is  also 
a  result  of  the  fact  that  for  N  =  1  the  larger  values 
of  R  do  not  result  in  sufficient  confinement  to  get 
nearly  all  of  the  mode  under  the  3  mm  diameter  elec¬ 
trode.  However,  the  table  shows  that  for  N  -  3  or 
N  -  5,  the  entire  mode  is  essentially  completely  under 
the  3  mm  diameter  electrode. 
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Current -vs-Frequency  Response  Curve  for  Large 
Frequency  Range 
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Figure  1 

Cross-Section  of  Plano-Convex  Resonator 
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Figure  3 

Current-vs-Frequency  Response  Curves  for  Different 
Generator  Voltages  for  Small  Frequency  Range 
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Figure  4 

Current -vs-Frequency  Response  Curves  for  Different 
Quality  Factors 


Figure  6 

Current -vs -Frequency  Response  Curves  for  the  First, 
Third  and  Fifth  Harmonics 
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Figure  5 

Current-vs-Frequency  Response  Curves  for  Different 
Load  Resistances 


Figure  7 

Current-vs-Frequency  Response  Curves  for  the  First 
Third  and  Fifth  Harmonics 
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ABSTRACT 

A  review  ot  the  predominant  vibration  modes  of  rectan¬ 
gular  AT  quartz  resonators  "strip  resonators”)  is 
presented,  including  t!u‘  implications  of  coupled  mode 
interpla\’  to  device  design. 


This  analysis  is  a  simplified  form  of 
presented  by  Milsom,  assuming  a  fullv 
which  is  clamped  at  one  end. 


the  analysis 
electroded  plate 


COUPLED  MODE  EQUATIONS  OF  MOTION 


A  three  dimensional  mode-ma t c  !n  ng  theory  for  AT  strip 
resonators  was  presented  bv  Milsom  et  al.  in  1981.^ 
Milsom  expressed  the  acoustic  displacements  as  the 
linear  sum  of  partial  modes,  each  mode  having  a  wave 
number  whose  components  in  a 1  three  directions  were 
in  general  complex.  This  paper  develops  a  simplified 
version  of  Milsom's  model  which,  by  scaling  the  equa¬ 
tions  dS  shown  by  Mindlin  in  1^8^,  contains  all  real 
equations. 2  Since  free-edge  boundary  conditions  can¬ 
not  he  satisfied  using  a  finite  number  of  modes,  a 
Galerkin  form  approximation  is  used  at  the  fX)  edges. 

computer  program  has  been  written,  based  upon  this 
model,  to  be  used  for  the  design  of  AT  strip  resonat¬ 
ors.  "^he  model’s  predictions  are  shown  to  be  in  good 
agroemopt  w’tli  experimental  data. 


For  the  rectangular  cross  section  of  a  bar  of  AT-cut 
quartz,  as  shown  in  figure  1,  Newton’s  Law  and  Gauss' 
Law  mav  be  written  in  the  following  form,  assuming 
that  O. 


^^12  f  ^^22 
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INTRODUCTTON 

T!;e  ever  ’ncreasing  demand  on  the  crystal  industry 
today  is  for  devices  with  reduced  size,  improved  elec¬ 
trical  and  f requonc y-t empe ra t u re  performance  capabili¬ 
ties,  the  ability  to  withstand  shock  levels  in  excess 
of  ten  thousand  g's,  and  last  but  not  least,  low  cost. 
As  ri  result,  much  interest  is  being  directed  towards 
the  miniature  AT  rectangular  resonator.  The  operation 
of  these  devices  however,  involves  an  interplay  between 
the  iesired  fundamental  X-thickness  shear  mode  and 
other  vibration  nu;des. 

It  has  been  demon st ra t od  bv  Mindlin  and  more  recently 
by  Milsom  f't  ai.,  that  the  flexural  and  face  shear 
modes  are  never  '•tjt  off. 3,1  Therefore  tor  fundamental 
mode  AJ  ref.  r.  a  ngu  1  a  r  resonators,  coupling  to  these  two 
modes  must  be  avoided.  '/nen  one  of  these  undcsired 
modes  is  excited,  c on s i dc rah  1 e  energy  transfer  can 
ot'-iir.  This  will  result  in  a  decrease  in  the  resonat¬ 
or's  motional  capacitance  with  a  corresponding  increase 
in  its  motional  resistance,  and  will  also  cause  a 
'■hange  in  the  frequenev  of  resonance.  This  coupling 
on  hv  /ivoided  however,  hv  mf'deiing  the  coupled  mode 
system  of  (Ik-  AT  root  angular  resonator,  thus  enabling 
fhe  d<’t  ermi  nat  i  on  f>f  the  proper  design  parameters, 
f  lie  proper  resonator  widtli  t  thickness  ratio). 


T,  p,  u  and  D  are  respectively  stress,  density,  parti¬ 
cle  displacement  and  electric  flux  density.  The  con¬ 
stitutive  equations  may  be  written  as, 
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3y  3z 

18) 

where  c,  and  ^  arc  respectively  the  elastic  con¬ 

stants,  piezoelectric  constants,  dielectric  constants 

and  electric  potential,  and  u  and  u  are  each  func- 
j  ^  y 

t 1 ons  of  x ,  y  and  z . 


Mindlin  ext'-nded  t ho  theorv  of  flexural  motions  to  AT 
quartz  plates  and  determined  that,  "the  resonances  in 
•j  hounded  plate  '  ommon  1  v  designated  as  t  h  i  c  kne  s  s-shca  r  , 
or  t  h  i k  no  s  s  -  sIk- a  r  ovortmes,  are  simply  local  regions 
in  the  spectrum  of  flexural  resonances  over  which  the 
froquen'V  does  nf)t  f  hange  as  rapidiv  as  elsewhere,  with 
''hange  fy{  plate  d  i  mr- s  i  on  s  .  '  3  Ho  alsf)  stated  that  face 
shear  vibrations  are  strongest  when  flexural  vibrations 
are  expired,  therefore  the  avoidance  of  X-thickness 
shear  to  flexural  mode  T.oupling  will  also  result  in  tlie 
avoidan'-'o  of  coupling  fo  rhe  faef  shear  mode.  With 
this  p-"  i  n  t  in  mind,  the  following  f  ormu  1  a  t  i  f>n  will 
n«,do]  X-thickness  sluoir  to  flexural  mode  coupling  onlv. 


The  homogeneous  boundary  conditions  for  an  unclampcd 
and  unclectrodod  piezoelectric  resonator  are  as 
foil ows : 


At  X 

(li) 

At  y 

(=r) 
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Since  electrodes  on  the  X-Z  surfaces  produce  a  y- 
direct€'d  electric  field,  then  as  shown  by  Tiersten, 
all  potential  and  electrical  variations  with  respect 
to  X  and  z  may  be  ignored.^  Therefore  equations  (1) 
and  (2)  may  be  written  as. 


2  2  2 
c,,^  u  *  'c,^  ♦  u  ^  (c..  *  c.,)  >  u 

11  X  12  66  Y  14  56^y 


2^6  ■  "66  •  "55  *  "26^0 


(Cj,  *■  ^^24  coefficients  (of  terms 

differentiated  with  respect  to  z)  will  be  assumed 
equal  to  zero. 

Since  the  rectangular  resonators  which  are  being  mod¬ 
eled  utilize  a  cantilevered  mount,  the  boundary  con¬ 
ditions  on  Uj(  and  Uy  will  be  approximated  by, 


^  -  0  at  z  -  Lz 

S  2 


p  CJ  u  =0 


u  =u  =0  atz=0 
X  y 


Therefore  it  will  be  assumed  that, 


.  z  ,  z  z 

56  14  "  X  66  12  'O  X  66  «  y 


u  (x,v)  sin/n  n z i 

'  l2L,  / 


a  '  20^^  5  u  .  3  u^, 


26  12 


)  •  P  ^  0 


u  =  u  (x,y)  sin, 

y  y 


inf  n  ff  z\ 

(2^  } 


where ,  n  =  1 ,  3  ,  5  , 


^26  5  % 


5  y^  ^22  ^  y 


Using  the  values  for  the  elastic  constants  as  presented 
by  Fenlon  et  al.,  for  right-handed,  35.25  degree,  AT- 
cut  quartz,  the  coefficients  of  the  terms  of  equations 
io)  and  110)  which  are  differentiated  with  respect  to 
2,  normalized  to  c,,  become  as  follows. 5 


, )  =  -0.04 


2c_  =  0.17 
56 


c,,  -  2.37 


Therefore  equations  (9)  and  (10)  may  be  rewritten  as, 


"U  *  <"12  *  "66^  *  "66 


111  2\ 

where  =  ^=66  ‘  ^ 


2  2  2 

f)  >5  *  ^c.c.  3  d  u 

66  1 2  X  66  “  y  22  y 


/  2  2  2\ 

/  -"44n  rr  Vv 

\  4l'  / 


'"24  = 


where  (21)  is  the  equation  of  motion  for  the  X- 
thickness  shear  modes,  and  (22)  is  the  equation 
of  motion  for  the  flexural  modes.  For  these  two 
equations,  the  sin/n  ff  z \  term  has  dropped  out  and 
thus,  y  2Lz  j 


u  -  u  (x,y)  and  u  -  u  (x,v) 

XX  y  y  ' 


Since  I.j,  is  much  longer  than  and  Ly,  it  may  be 
assumed  that  and  Uy  are  slowly  changing  with  respect 
7. ,  and  therefore  in  equations  (^)  and  (10),  the 


Therefore  the  z-dependency  of  these  equations  resides 
in  the 


2  2  2  2 

-c-.n  u  and  -c..n  jf  coefficients. 
55  44 _ 


2  22  q2  ^2 

PW  -  IT  -  C22^2  -  ^6^1 


Equations  (21)  and  (22)  are  a  pair  of  linear,  coupled 
second  order  partial  differential  equations,  which  must 
be  solved. 


The  y-directed  electric  field  results  in  a  predomi- 
nantly  X-thickness  shear  solution  u  .  which  is  odd  in 
V,  For  D  to  be  non-zero,  u  must  be  even  in  x. 
Therefore-; 


u  ^  A  cos(k./3,x)  sin(k^0«y) 

X  X  0  1  0  2. 


Expressing  equations  (29)  and  (30)  in  matrix  form  gives, 


(V 


&  A  , 


Therefore  u  ,  a  predominantly  flexural  mode  solution, 
will  be  eve^  in  y  and  odd  in  x.  Therefore, 

u^  =  sindc^/SjX)  cos(kQy32y)  (21 

Substituting  equations  (24)  and  (26)  into  equations 
(21)  and  (22)  results  in, 

(■‘^11 /3i  ■  '^66  02  -  '^ssILii  Vx 

V  Ak^L^  / 


-'=12  •  =66 


Ay  =  0 


where , 


^  2  2  2  ^2 
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^  =  -'  =  12  "  =66^  ^1^1 
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-  ^2^  =  66  "  =^12'  ''x 


/  2  2 
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-=22^2  -=66 


PA  A  =  0  (28) 


Multiplying  the  Ay  term  in  equation  (27)  by  ^^^2 


results  in. 


o2  - „2  2  2  2  \ 

-l\P]  -  =66^2  *  Pti  -  =55"  "  1  A 


■'  =  12  ■  ‘^66^  B\  P2 


(^) 


Therefore  all  coefficients  in  the  matrix  as  well  as  Aj^ 
are  real.  Nontrivial  solutions  are  obtained  when  the 
determinant  of  the  above  matrix  is  zero.  u^  and  u 
can  now  be  written  as  the  linear  sum  of  two  terms. 

In  order  to  satisfy  the  boundary  conditions,  coeffi¬ 
cients  are  required. 

“x  =  2  ^n'^n\n  =°"  "'0^1’'^  "^o^2n5'^ 

N=1  ^i^2N 

%=  ®n\n  =‘""^0^1’'^  =°"'‘=0^2N>'^ 

Multiplying  both  sides  of  equations  (37)  and  (38)  by 

^1  . 


Multiplying  the  A  term  in  equation  (28)  by  ^2 

Pi  P2 

arid  both  sides  of  equation  (28)  by  P  Pj  Rives, 


'^x^l  =  £  Bj^Aj^cosfk^  j3jX)sin(kg/32fjy) 

\n  Wff 


PlP2  '  =  66  ■  =12>  \ 


%/3l  =  2  Bj,/3,sin(kQ^,x)cos(kQ3j^y) 
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From  the 

b  o  u  n  d  a  r  V 
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(42) 

dx 

d  y 

Subst i t  ut 
( 4 !  )  and 

ing  equations  (.39) 

‘  42  )  gives  , 

and 

(40)  into  equations 

0  -  ^22‘^22)e 


i _ ^  j 


(49) 


^22 


Therefore  all  coefficients  in  the  above  matrix  as  well 
as  /B,  \  are  rea 1 . 


(y 


/3  21 

•  B^A^cosl  /3j  x)sin(kQ \ 

021  j 


In  order  to  match  the  boundary  conditions  on  x, 
another  set  of  arbitrary  constants,  »  are  needed. 


%  =  I  W°  =  ^'‘0^2MNy^ 

M  N=  1 


At  x  =  2.  ^ 
2 


dx 


/3jSin(kQ0jX)cos{kg/322y))  =  0 


(43) 


‘  "l2i%  =  0 

d  X  9  V 


and 


:,2_|  (B,AjCos(k^a,x)^n(koa2ty) 


=  T,,  =  c,,  au  ••  c,,  3u 

21  12  66  X  66  V  =  0 

8  y  3  X 
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B2A2Cos(k|^  /3jX)sin(kQ  ^22^* 
022 


C22_?_(Bj  /SjSinCk^  /3jX)cos(k  /32iy^ 

ay  \ 


Substituting  equations  (50)  and  (51)  into  (52)  and 
(53)  gives, 
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'^'ll  ^2  2^^  %^‘^11  ^IM^ 
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B2  0  j  sin(  kp  ^1  x)cos(ko  ^22^^ )  '  ^ 


Di f f erent i tat ing ,  equations  ^43)  and  (44)  become,  in 
matrix  form, 


^12  ^  2  ^lM^lj2  ®MN^''66'SiN 
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where , 


*^66  '  ° 


(55) 


(45) 


Because  Tj j  and  Tj^  cannot  be  satisfied  exactly  for 
all  y  using  only  a  finite  number  of  modes,  a  Galerkin 
form  approximation  will  be  utilized.  Since  T^j  is 
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odd  in  y,  and  ts  even  in  y,  then 
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Integrating  equations  (56)  and  (57)  results  in. 
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Nontrivial  solutions  result  when, 


where  0=Oaty=+— j'  Solving  equation  (67) 

for  0^^  and  integrating  twice  with  respect  to  y, 
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8y 


»(")• 


y  A(x,z) 


At  y  =  , 
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\  Z  / 


'2  A(x,z) 


and  thus, 

A(x,z)  =  ~^^26  u  /x,S\  sin/n  ir  zN 


Differentiating  equation  (68)  with  respect  to  y,  then 


S<P  =  ^26 

8y  t 

Son 


a  '.1  (x,y)  sin 

^  z  J  +  A( x , i 


)  (71) 


which  may  be  rewritten  as, 


-  ■  ®26 


ar,x(x.y)sin5'[-^|- 


Choices  of  OJ  which  satisfy  equation  (61)  are  reso¬ 
nances  of  the  crystal. 


MOTIONAL  CAPACITANCE  AND  ENERGY 

The  capacitance  between  two  isolated  conductors  is 
defined  as, 


Comparing  equation  (72)  to  equation  (64)  gives, 

D  =  -  f,,  A(x,z)  (73) 

y  22 

and  thus,  \ 

D  =/^®26  \  {  u  (x,^2)  sinrnffzll  (74) 

Substitution  of  equation  (74)  into  equation  (63)  gives, 


where  Q  is  the  charge  on  one  of  its  conductors  and  V 
is  the  potential  difference  between  them.  For  the 
electroded  rectangular  piezoelectric  resonator, 


^  ‘  /z 

^^26  f  f  u  (x,^2  )sinrn  ?rz"lc 

^JJ  ^  ^  M 


0  -Li  ,2 

The  energy  stored  in  a  capacitor  is  given  by, 


From  equation  (8),  and  once  again  neglecting  all  poten¬ 
tial  and  electrical  term  variations  with  respect  to  x 
and  z ,  then 

D  =  e,,  d<f> 

y  26  -  ’22  -  (64) 

ay  ay 


V<  D  =  P 


but  since  P,  =  0  for  quartz, 
f  ree 

V-  D  =  0 


therefore , 


2 

V-  D  =  e  ^  “x 

y  2^rr- 


f  0</> 
^22 - r- 


W  =  IjCV  (76) 

which  may  be  written  as, 

W  =  ^QV  (77) 

Now  since  equation  (62)  may  be  written  as, 

C  =  2^  (78) 

QV 

the  denominator  of  equation  (78)  is  just  equal  to 
twice  the  stored  energy  in  the  capacitor. 

The  motional  capacitance  of  a  piezoelectric  resonator 
is  that  portion  of  the  total  device  capacitance  which 
arises  from  the  mechanical  vibration  of  the  quartz 
itself.  Now  since  the  total  stored  energy  in  the 
system,  W,  equals  the  maximum  kinetic  energy,  T, 
of  the  system,  then. 
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W  =  T  =  ^mv  =  ^ 


Therefore  upon  substitution,  and  since  QV  =  2W, 
L;>  Ly  f 

!  ~r  ' “a 


QV  =  p 


if  f  f  2  2.  .2r  I 

J  J  J  ^  y  hr 

rt  t  T  zJ 


dx  dy  dz  (80) 


0 

4  A 


seen  that  values  of  x  for  which  the 


RJ'““ 


large,  (where  again  is  the  energy  in  the  X-thickness 
shear  mode  and  is  the  energy  in  the  flexure  mode), 
correspond  to  resonator  width  to  thickness  ratios  which 
result  in  minimized  coupling.  Examples  of  the  impact 
of  this  mode  coupling  on  resonator  temperature  perform¬ 
ance  can  be  seen  from  figures  4  and  5*  The  experiment¬ 
ally  determined  frequency-width  pairs  are  typically 
.0005“  to  .001“  less  than  the  computer  program's  indi¬ 
cated  optimum  frequency-width  pair. 


Now  since, 
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2  2  L  U  L, 
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which  may  be  written  as, 
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where,  ^ 
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V  r  A 


=  Energy  in  X-TS  mode  (85) 


if<'- 

^  *  L.  _Li 

=//l. 


y)  dx  dy  -  Energy  in  Flexure  mode 


d.  A 


Values  of  L  and  L  for  whichl  2  lire  large  correspond 

hJ 

to  resonator  widths  which  result  in  minimized  coupling 
between  the  X-TS  mode  and  the  flexure  mode. 


COMPUTER  DESIGN 


CONCLUSION 

A  simplified  version  of  the  Milsom  model  has  been  de¬ 
veloped  which,  by  scaling  the  equations  as  shown  by 
Mindlin,  contains  all  real  equations.  The  formulation 
models  X-thickness  shear  to  flexural  mode  coupling 
only,  and  assumes  a  fully  electroded  plate  which  is 
clamped  at  one  end.  Since  free  edge  boundary  condi¬ 
tions  cannot  be  satisfied  using  a  finite  number  of 
modes,  a  Galerkin  form  approximation  was  used  at  the 
(X)  edges.  Expressions  were  developed  which  relate  the 
Lj(,  Ly  and  Lz  dimensions  of  the  rectangular  resonator 
to  the, motional  capacitance,  and  the  resultant  energies 
in  the  X-thickness  shear  and  flexure  modes.  A  computer 
program  has  been  written  based  upon  this  model,  and  its 
predictions  were  shown  to  be  in  good  agreement  with 
experimental  data. 
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A  computer  program  has  been  /ritten  based  upon  this 
model,  to  be  used  for  the  design  of  fundamtntal  mode 
AT  rectangular  resonators.  The  program  predicts 
resonator  width  to  thickness  ratios  which  result  in 
minimized  coupling  between  the  X-thickness  shear  mode 
and  the  flexure  mode,  thereby  resulting  in  activity 
dip  free  temperature  performance.  The  Computer 
program's  output  Is  graphically  represented 
In  figures  2  and  3.  From  figure  2  it  can  be 
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HARMONIC  AND  ANHARMONIC  MODES  OF  AK-CUT  CRYSTAL  RESONATORS 
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Hans com  Air  Force  Base,  MA  01731 


Summary 

We  report  static  frequency-temperature  charac¬ 
teristics,  f(T),  for  doubly  rotated  quartz  vibrating  in 
thickness  shear  c-mode  with  angular  combinations  30  $ 

4'  i  46.1°  and  21°  $  0  ^  28.44°.  The  f(T)  of  these 
orientations  are  similar  Co  AT-  and  BT-cuts  and,  in 
good  agreement  with  theoretical  predictions,  have  turn¬ 
over  temperatures  between  80  and  115  C.  These  turn¬ 
over  temperature  values  are  relatively  insensitive  to 
crystallographic  misalignments.  Compared  to  Che  funda¬ 
mental  mode  of  vibrations,  the  3rd  overtone  shows  a 
larger  number  of  modes  and  the  resonances  are  weaker. 
There  are  also  indications  of  activity  dips  and  cou¬ 
pling  with  spurious  resonances.  The  frequencies  of  the 
harmonic  and  anharmonlc  modes  are  in  fairly  good  agree¬ 
ment  with  calculations  based  on  a  trapped-energy  reso¬ 
nator  model,  including  effects  of  coupled  thickness 
shear  and  thickness  twist  vibrations.  Computations 
indicate  that  for  several  orientations  the  3rd  harmonic 
is  seriously  affected  by  interaction  between  the  a-  and 
c-modes.  This  leads  to  exponentially  decaying  vibra¬ 
tions  and  impaired  energy  trapping. 

Key  Words:  Quartz,  Crystal  Resonators, 
Frequency  Standards,  Vibration  Spectra 

Introduction 

1  2 

In  previous  publications  ’  we  described  the 
existence  of  a  set  of  doubly  rotated  quartz  orienta¬ 
tions  for  thickness  shear  mode  of  vibrations.  These 
crystals  have  turnover  temperatures,  T  ,  in  the  range 
of  practical  interest  for  ovenized  oscillators,  and 
possess  static  frequency-temperature,  f(T),  character¬ 
istics  similar  to  AT-  or  BT-cuts.  At  the  same  time, 
the  T  values  of  these  crystals  are  relatively  insen¬ 
sitive  to  crystallographic  misalignments.  We  designa¬ 
ted  these  quartz  orientations  as  the  AK-cut,  Figure  I 
shows  the  crystallographic  positions  of  these  cuts  re¬ 
lative  to  the  Y-,  X-,  AT-,  SC-,  and  BT-cut  orienta¬ 
tions.  For  T  of  practical  Interest,  the  AK-cut  occu¬ 
pies  the  crystallographic  region  of  30°  «  ^  %  45  and 
20°  $  0  ^  29°.  We  show  three  calculated  T  iso¬ 
therms,  80,  100,  and  120  °C,  respectively,  fifth  the 
AK-cut,  a  T  tolerance  of  5  C  requires  an  angular 
precision  of°a  few  degrees,  rather  than  the  minutes  or 
seconds  of  arc  necessary  for  the  AT-  or  SC-cuts.  The 
AT-,  SC-,  and  AK-cuts  are  applied  in  the  slow  shear 
vibration  mode,  the  c-mode,  and  the  BT-cut  is  utilized 
in  the  fast  shear  vibration  mode,  the  b-mode. 

2 

We  reported  experimental  f(T)  of  seven  orien¬ 
tations,  measured  on  10  MHz  3rd  overtone  quartz  resona¬ 
tors,  vibrating  in  the  lowest  fundamental  or  3rd  harmo¬ 
nic,  f.pQ  or  fjQQi  respectively.  The  measured  f(T)  and 
T  values  agree  well  with  theoretical  predictions.  In 
tnfs  publication  we  show  data  of  seven  additional  ori¬ 
entations.  Based  on  the  experimental  confirmation  of 
calculated  T  for  14  orientations,  one  can  now  define 
angular  combinations  for  specified  T^^  values  with  a 


Figure  1.  Synopsis  of  singly  and  doubly  rotated  quartz 
orientations  utilized  for  precision  resonators.  The 
AK-cuts  are  depicted  by  turnover  temperature  isotherms, 
demonstrating  low  sensitivity  to  crystallographic 
misalignment . 

high  degree  of  confidence.  We  developed  an  automatic 
frequency  scanning  technique  which  enables  us  to  track 
the  mode  spectra  over  a  large  temperature  range.  We 
recorded  enharmonic  fj^  and  f.  frequency  spectra  and 
find  that,  compared  to^Ehe  fundafiental,  the  3rd  over¬ 
tone  modes  exhibit  an  abundance  of  anharmonlcs,  spuri¬ 
ous  resonances,  activity  dips,  and  in  some  cases,  no 
clearly  dominant  resonance  which  can  be  designated  as 
the  main  300  mode.  The  interfering  spurious  modes  have 
fast  moving  f(T)  characteristics  and  strongly  couple 
when  they  cross  major  resonances. 

j  The  analysis  developed  by  Tlersten  and 
Stevens  for  contoured  SC-cut  trapped  energy  resona¬ 
tors,  which  Includes  the  effects  of  coupled  thickness 
shear  and  thickness  twist  vibrations,  has  been  applied 
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to  calculate  values  for  AK-cut  orientations.  For 

most  orientation!  the  analysis  predicts  harmonic  and 
anharmonic  mode  patterns,  and  these  agree  well  with 
measured  values.  For  other  orientations,  calculations 
yield  complex  f^  values.  Indicating  that  these  vibra¬ 
tions  decay  and  ¥iil  to  trap  the  energy.  This  lack  of 
energy  trapping  agrees  with  measured  weaknesses  of  the 
3rd  overtone  modes. 

Experimental  Procedures 

The  quartz  resonators  utilized  for  this  study 
were  fabricated  at  Frequency  Electronics,  Inc.,  as  10 
MHz  3rd  overtone  plano-convex  units  having  a  blank  dia¬ 
meter  of  13.8  mm  (0.550  in),  radius  of  curvature  of 
30.285  cm  (1.75  diopters),  mass  loading  of  0.0029,  and 
maximum  crystal  thicknesses  between  0.55  and  0.64  mm. 

In  Refs.  I  and  2  we  presented  f(T)  and  T^^  results  on 

seven  combinations  of  rotation  angles  (4>,6).  For 
this  study  we  selected  an  additional  seven  orientations 
with  the  aim  to  cover  the  crystallographic  region  pre¬ 
dicting  T  values  of  practical  interest.  The  Miller 
indices  or  the  lattice  planes  used  to  fabricate  the 
resonators  included  [111],  [322],  [323],  [211],  [212], 
and  [312].  For  each  orientation  6  resonators  were 
fabricated  in  one  batch  and  under  the  same  conditions. 

The  resonators  are  placed  in  a  heater  and  con¬ 
nected  through  a  IT-network  to  a  network  analyzer  with  a 
dynamic  range  exceeding  100  dB.  A  programmable  synthe¬ 
sizer,  with  the  upper  limit  at  13  MHz,  provides  a  step¬ 
wise  variable  frequency.  Temperature  is  measured  with 
a  thermocouple  attached  to  the  resonator  enclosure  and 
connected  to  a  digital  thermometer.  A  programmable 
temperature  controller  provides  linear  ramps  with  ad¬ 
justable  rates,  e.g.  0.2  or  0.4  C/mlnute.  A  data  bus 
connects  these  components  to  a  desktop  computer  and 
printer  for  automatic  data  recording. 

Resonators  from  each  orientation  were  freguen- 
cy  scanned  first  at  room  temperature  and  near  150  °C 
for  resonance  modes  between  3.3  and  13  MHz.  This  scan¬ 
ning  range  Includes  all  the  fundamental  and  the  3rd 
overtone  C-,  and  b-modes ,  as  well  as  the  fundamental  a- 
modes.  The  scanning  is  performed  typically  in  steps  of 
5  Hz  and  is  set  to  detect  resonances  exceeding  2  dB 
above  the  parallel  capacitance  background.  The  major 
resonance  modes  of  Interest  are  then  individually 
tracked  between  room  temperature  and  150  C,  with  tem¬ 
perature  intervals  of  0.5  to  1  C,  and  the  resonance 
frequency,  resistance  and  motional  Inductance  are 
determined.  In  this  case,  the  controlling  program 
calls  for  repetitive  frequency  sweeping  through  the 
series  resonance  in  small  frequency  steps.  Selected 
5th  overtone  frequency  scans  and  temperature  tracks 
were  also  made  with  a  high-frequency  network  analyzer. 

Figure  2  shows  the  frequency  and  resonance 
resistance  data  obtained  from  this  type  of  measurement. 
For  this  particular  resonator,  in  the  temperature  range 
between  50  and  100  C,  the  b-mode  contains  three  mild 
frequency  jumps  but  strong  and  narrow  resistance  loss 
peaks.  Figure  3  shows  on  an  enlarged  scale  the  55  C 
loss  peak  strength  in  0.5  C  Intervals.  We  note  a  fast 
moving  spurious  mode  through  the  major  resonance  and  a 
corresponding  decrease  in  peak  height. 

In  order  to  determine  more  accurately  the  in¬ 
fluence  of  activity  dips,  coupling  of  spurious  modes 
and  major  resonances,  and  Interaction  of  major  modes, 
we  automated  the  frequency  scan  as  a  function  of  tempe¬ 
rature  measurements.  The  frequency  is  swept  in  1500 
steps  to  cover  frequency  ranges  of  up  to  100  kHz, 


Figure  2,  Frequency  and  resonance  resistance  as  a 
function  of  temperature  for  b-mode,  showing  frequency 
Jumps  and  resistance  peaks. 


taking  about  45  seconds  for  each  sweep.  As  the  tempe¬ 
rature  is  ramped  with  0.4  C/mln,  the  sweep  is  regeated 
at  predetermined  intervals,  for  example,  every  5  °C. 

The  resulting  mode  spectra  are  automatically  plotted 
after  each  measurement  and  recorded  on  tape  for  later 
data  processing.  Figure  4  shows  an  example  of  such  a 
plot  for  orientation  (40.9,  23.55),  frequencies  between 
9.97  and  10.03  MHz,  and  temperatures  between  30  and  150 
C.  This  is  the  frequency  region  where  one  would 
expect  the  strong  f,QQ  resonance.  Instead,  we  find  the 
region  infested  with  spurious  modes,  resonance 
strengths  transferred  between  adjacent  modes  and  rising 
and  falling  as  a  function  of  temperature,  and  this  re¬ 
sults  in  a  complete  obliteration  of  the  major  mode. 

This  type  of  a  graphic  display  is  of  great  assistance 
in  tracking  several  mode  amplitudes  and  frequency  posi¬ 
tions  simultaneously  as  a  function  of  temperature. 

Results  and  Discussion 

Figure  5  shows  calculated  T  Isotherms  be¬ 
tween  75  and  160  C  for  c-mode  vibrations  as  a  function 
of  rotation  angles  (*^,®).  The  T  calculations  for 
the  AK-cut  are  described  in  Refs.  I  and  2,  and  are 
based  on  the  temperature  coefficients  of  elastic  con¬ 
stants  derived  in  Ref.  4.  These  calculations  do  not 
distinguish  between  fundamental  and  overtone  modes. 
Figure  5  also  shows  the  experimental  T^^  values  of  the 
100  modes  for  all  14  orientations.  The  agreement  be¬ 
tween  prediction  and  measurement  is  reasonable,  consi¬ 
dering  the  fact  that  the  temperature  coefficients  of 
elastic  constants  utilized  for  these  computations  are 
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Figure  3.  Interaction  between  b-mode  and  fast  moving 
spurious  mode  for  the  55  C  resistance  peak  shown  In 
Fig.  2. 
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Figure  4.  Temperature  track  of  3rd  overtone  mode 
spectra  for  (40.9,  23.55)  orientation. 


derived  from  temperature  coefficients  of  frequencies  of 
crystals  with  vastly  different  angular  orientations 
than  the  AK-cut.  Also,  there  is  good  correlation  be¬ 
tween  calculated  and  measured  frequency-thickness 


Figure  5.  Calculated  turnover  temperature  Isotherms 
for  AK-cut.  Measured  values  in  degrees  centigrade  are 
indicated  next  to  the  experimental  points. 


constants,  as  well  as  the  frequency  separation  of  the 
b-  and  c-modes.  Based  on  these  results,  we  feel  confi¬ 
dent  that  the  major  claim  for  the  AK-cut  crystal,  angu¬ 
lar  insensitivity  of  in  the  temperature  range  of 
Interest  to  ovenized  oscillators,  is  substantiated. 

For  the  AK-cut ,  similar  to  other  doubly  ro¬ 
tated  cuts,  we  expect  intricate  enharmonic  mode  spec¬ 
tra,  especially  for  the  overtone  modes.  The  practical 
development  and  utilization  of  the  AK-cut  will  depend 
on  the  frequency  separation  and  strength  of  the  b-mode 
and  nearby  anharmonic  c-modes.  The  experimental  3rd 
overtone  10  MHz  AK-cut  resonators  were  fabricated  with 
diameter,  contour,  and  electrode  dimensions  and  thick¬ 
nesses  developed  for  the  SC-cut.  Best  results  for  an 
AT-cut  are  obtained  for  the  5th  overtone  5  MHz  resona¬ 
tor.  The  ideal  geometry  and  configuration  for  the  AK- 
cut  resonator  has  not  yet  been  determined.  In  order  to 
obtain  some  insight  for  these  parameters,  we  measured 
all  resonators  in  the  fundamental,  3rd  overtone,  and 
for  two  specific  cases  in  the  5th  overtone. 

3 

Tlersten  and  Stevens  developed  a  formalism 
for  the  SC-cut  contoured  trapped-energy  resonator, 
which  Includes  effects  of  coupled  thickness  shear  and 
thickness  twist  vibrations.  This  analysis  predicts 
very  well  the  harmonic  and  anharmonic  modes  of  the 
singly  rotated  AT-cut  and  the  doubly  rotated  SC-cut. 

In  principle,  it  is  also  applicable  to  other  cuts.  We 
applied  this  formalism  to  calculate  the  harmonic  and 

anharmonic  f  for  the  AK-cut  orientations,  and  find 
nmp 

that  for  all  AK-cut  angles  the  lowest  frequency,  f.nn* 
is  consistent  with  the  value  calculated  from  the  fre¬ 
quency-thickness  constant.  Table  1  shows  the  calculated 
frequency  separations  of  the  lowest  anharmonic  modes 
from  fjQQ  for  one  selected  orientation,  (36.58,  26.0). 
For  symmetric  crystal  configurations,  m  and  p  values 
are  restricted  to  even  numbers.  The  102  mode  is  situa¬ 
ted  approximately  80  kHz  from  the  100  mode,  and  the 
higher  inharmonic  modes  appear  in  two  doublets,  fol¬ 
lowed  by  one  triplet.  The  frequencies,  for  the  range 
of  AK-cut  angles,  vary  within  a  few  kHz  of  the  values 
shown. 
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Figure  6.  Fundamental  c-mode  spectra  for  1^  AK-cut  crystal  (♦,&)  orientations.  Triangles  indicate  calculated 
mode  frequencies. 


Table  1.  Calculated  f,  -  f,-„,  in  kHz,  for  AK-cut 
Imp  100 

crystal  orientation  (36.58,  26,0),  1.75  diopters,  and 
mass  loading  0.0029. _ 

nmp:  102  120  104  122  106  140  124  108 

Separation:  81  150  160  228  237  294  303  313 


Figure  6  shows  the  fundamental  mode  frequency 
spectra  for  the  14  orientations  under  Investigation. 

The  vertical  bars  indicate  the  measured  amplitudes,  and 
their  horizontal  spacing  shows  the  measured  frequency 
separations  relative  to  T'he  triangles  represent 

the  calculated  fj^  values.  For  all  orientations,  the 
102  mode  asslgnmenE  is  reasonably  accurate,  within  5 
kHz,  and  the  100  and  102  are  always  the  strongest  and 
second  strongest  modes.  The  higher  inharmonlcs  have 
weak  measured  counterparts,  and  specific  assignments 
are  rather  uncertain.  For  orientations  with  the  lowest 
T  ,  80-85  C  range,  the  resonance  resistance  values  of 
the  102  mode  are  3.7  to  12  times  as  high  as  for  the 
corresponding  100  mode.  It  is  then  anticipated  that  an 
oscillator  can  be  operated  in  the  100  mode  without  spe¬ 
cialized  circuitry  to  suppress  the  102  mode.  Similar¬ 
ly,  for  these  orientations,  the  frequency  separation 
and  relative  strength  of  the  b-mode  do  not  seem  to  be  a 
problem. 


Several  orientations  show  measured  modes  in 
frequency  regions  not  predicted  by  computations.  Most 
noticable  of  these  are  two  weak,  but  not  negligeable, 
"in-between"  resonances,  located  40  kHz  above  the  100 
and  102  modes,  respectively.  For  the  (33.0,  24.44) 
orientation  we  measured  the  mode  spectra  of  all  availa¬ 
ble  resonators,  with  a  2  dB  floor,  and  find  that  the 
two  extra  resonances  occur  only  in  two  of  the  six 
units,  while  the  other  four  resonators  show  only  the 
100,  102,  and  a  very  week  104  mode.  Subsequently,  we 
measured  the  mode  spectra  of  the  6  resonators  for  other 
orientations  as  well,  and  find  similar  statistics,  that 
is,  some  do  and  some  do  not  show  the  additional  modes. 
For  (40.9,  21.0),  they  occur  in  5  of  6  units.  We  con¬ 
clude,  that  the  extra  modes  are  not  intrinsic  to  the 
AK-cut  orientations,  but  are  related  |o  fabrication 
processes  affecting  crystal  symmetry. 

We  also  carried  out  fj^  calculations  and  en¬ 
countered  the  following  pecullarfty.  The  coefficient 

v/^n-  defined  in  Eq.  3.16  of  Ref.  3,  contains  the  ex¬ 
pression  C  “  cot(Knit/2)  in  one  of  its  terms,  with 

K  “  i/c/c  ,  where  c  and  c  are  the  wave  velocities  of 
r  c  a  c  a 

the  fundamental  c-  and  a-modes,  respectively.  Values 
for  K  range  from  0.58  to  0.73.  For  K  -  2/3  and  n  •  3, 

C  <■  ±tD.  Below  this  pole,  C  is  strongly  negative, 

makes  Jh^  imaginary  and  fj^  complex,  and  it  indicates 
that  the  vibrations  decay  exponentially  and  the  energy 
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Figure  7.  3rd  overtone  mode  spectra  for  14  AK-cut  crystal  (4*,  8)  orientations.  Solid  bars  are  the  c-modes, 
dotted  bars  are  spurious  modes,  and  the  triangles  show  the  calculated  mode  frequencies. 


Is  not  tr^ped.  This  Is  the  case  for  all  orientations 
with  36°  ^  ^  38.5°  and  (34,  28.45),  For  (40.9, 

21),  we  calculate  K  =  0.667,  that  Is,  C  Is  very  close 
to  the  pole  on  the  positive  side,  and  It  yields  very 
high  values  for  M  and  f.  .  With  higher  angles,  K 
Increases,  C  moves  away  frSm  the  pole  and  the  frequency 
spectra  return  to  more  normal  patterns.  This  peculiar 
Interaction  between  the  c-  and  a-modes  Indicates  that 
the  3rd  harmonic  may  be  undesirable  for  operating  many 
of  the  AK-cut  orientations. 

Figure  7  shows  the  room  temperature  3rd  over¬ 
tone  mode  spectra  for  the  14  orientations  and  Indicates 
the  position  of  calculated  f,  .  The  mode  sequence, 
and  their  relative  separation ,*^are  more  angle  dependent 
than  their  f^  counterparts  and  are  Influenced  by 
proximity  to  ?Re  pole  In  C.  There  Is  fairly  good  a- 
greement  between  calculated  and  measured  300  modes,  but 
there  are  substantial  deviations  for  the  anharmonlc 
modes.  Most  of  the  spectra  are  for  resonators  that  did 
not  exhibit  the  two  additional  fundamental  modes,  and 
In  this  respect  we  expect  that  they  also  be  the 
"cleanest"  In  the  3rd  overtone.  Compared  to  the  funda¬ 
mental,  the  number  of  observed  modes  are  more  numerous 
and  harder  to  assign.  The  nature  of  the  modes  was  In¬ 
vestigated  by  measuring  all  resonators  at  150  C,  and 
also  tracking  selected  modes  as  a  function  of  tempera¬ 


ture,  This  enabled  us  to  distinguish  two  kinds  of 
modes.  The  solid  lines  denote  "c-type"  vibrations, 

that  Is,  they  have  T  .  The  dotted  lines  Indicate  fast 
to 

moving  modes  which  do  not  appear  to  have  turnovers,  but 
exhibit  reasonably  well  defined  f(T)  curves.  However, 
they  are  not  the  higher  frequency  b-modes. 

For =  40.9°  we  do  not  observe  turnovers  for 
any  3rd  overtone  mode.  In  addition,  all  resonances  are 
also  seriously  affected  by  strong  coupling  with  spu¬ 
rious  modes.  Figure  4  showed  an  example  of  this  behav¬ 
ior.  At  30  C  there  Is  a  series  of  weak  modes,  and  one 
fairly  strong  resonance  near  10014  kHz.  As  the  tempe¬ 
rature  rises,  h'^.'ver,  this  mode  becomes  weaker,  cou- 
rlous  modes,  and  Its  Identity  be- 
3rap  mode  spectra  shown  In  Fig.  7 
imllarly  affected  by  spurious  modes, 
of  c-modes  can  be  understood  as  a 
physical  manifestation  of  highly  negative  and  sup-  ^ 
ports  the  theoretical  results  of  Tlersten  and  Stevens. 


pies  to  severs: 
comes  confused, 
for  "  40.9  a : 
This  obliteration 


The  difficulties  encountered  In  calculating 
the  3rd  overtone  do  not  extend  to  the  5th  overtone.  We 
calculate  real  5th  overtone  spectra  for  all  angular 
orientations,  except  for  (46.1,  23.55),  where  we  ap¬ 
proach  another  pole  of  C  expected  for  K”  4/5.  Figure  8 
shows  observed  and  calculated  mode  spectra  comparisons 
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ot  the  f  iindamotical  and  ')th  overtone.*  for  two  4^  ®  40,9*^ 
orientations,  0  ’  21  and  27  ,  No  spurious  mode  prob¬ 
lems  are  tuu'ountered .  This  Indicates  that  from  a 
practical  point  f)f  view  a  “^th  overtone  crystal  Is 
pre  f  e  rah  1 e . 

Table  2  presents  a  synopsis  of  observed 
values  for  the  14  orientations,  both  for  fundamenta? 
anti  tor  overtone  mod<*s.  We  also  Indicate  passible  mode 
ass  I  i^nmen t  s  ,  The  100  modi*  T  data  were  plotted  In 
Fly,.  and  these  ayree  well  with  theoretical  predic¬ 
tions.  The  102  mode  T  valties  are  lower,  and  the  dlf- 
ferenc(*s  r-inyi*  from  about  70  to  6  C,  We  did  not  com¬ 
pute  the  tempi’rature  dependf’iices  of  the  anharraonlc 
modes,  arul  we  are  uncertain  why  we  observe  these  large 
T  differences.  Fiu  somt*  orientations  we  measured  the 
temperature  dependence  of  the  two  "In-between'’  modes 
and  find  regular  f(T)  characteristics  with  reasonable 
turnover  temperatures.  These  values  are  also  listed  In 
Table  2,  and  they  support  the  hypothesis  that  these 
modes  are  "c-type”  vibrations. 


Table  2  also  shows  T  data  for  f.,  .  We  <lo 

to  Jmj) 

not  observe  any  f  turnovers  for  ^  "  4f),9  ,  due  to 
the  severe  cr)uf)  1  I  ng  wl  i  h  sfjurlous  raodi*s.  For  lower  4^- 
angles  the  100  mode  has  a  lower  T  than  the  100,  and 
tlie  reverse  Is  true  for  the  higher  4^-angleH.  We  ob¬ 
serve  differences  as  high  as  40  C  at  4^  =  10  and  at 
♦  -  4b.  r\  In  contrast  to  100  and  102  modes,  tht*  102 
mode  T  can  be  either  above  or  below  the  corresponding 
JOO  moSe.  For  (40,9,  27)  we  also  measured  the  SOO 

mode,  showing  1’  Identical  with  the  100  resonance. 

’  ^  to 


Table  2.  Turnover  temperatures  T  and  resonant 

frequencies  f^  of  major  modes  for^fourteen  AK-cut 
to 

crystal  orientations. 


phi 

theta 

nmp 

fundamental 

nmp 

3rd  overtone 

f 

T 

f 

T 

to 

to 

to 

to 

kHz 

“c 

kHz 

“c 

iO 

24.43 

100 

3403 

144 

300 

10073 

172 

102 

3494 

102 

302 

10166 

160 

320 

10206 

193 

33 

24.43 

100 

3381 

93 

300 

10003 

108 

3425 

85 

302 

10094 

123 

102 

3462 

70 

320 

101  14 

1  1  5 

3314 

<30 

304 

10189 

1 1  3 

322 

10207 

107 

340 

10233 

140 

34 

22 

100 

3  381 

116 

300 

10002 

127 

3423 

1  10 

302 

10093 

149 

102 

3470 

98 

320 

10113 

127 

3316 

90 

304 

10186 

143 

104 

3337 

80 

322 

10206 

123 

340 

10232 

143 

34 

2b 

100 

3  382 

82 

300 

10008 

98 

102 

3466 

4  3 

320 

10088 

143 

302 

10102 

38 

340 

10178 

>145 

322 

10189 

83 

304 

10202 

38 

34 

28.43 

100 

3380 

94 

300 

10003 

1  1  1 

102 

3461 

29 

10073 

>143 

10097 

58 

10159 

>143 

10173 

98 

36 

24.45 

100 

3368 

84 

300 

9946 

84 

102 

34  36 

62 

10009 

107 

10038 

A 

36.  5« 

22 

100 

338  5 

103 

300 

10004 

104 

102 

34  72 

91 

10067 

120 

36.38 

26 

100 

3394 

80 

300 

10013 

68 

3436 

66 

10066 

88 

102 

34  78 

49 

3520 

<30 

36.  SH 

28.43 

100 

3394 

102 

300 

1 0006 

73 

102 

3479 

<33 

10033 

81 

10064 

41 

38.3 

26 

100 

3403 

90 

300? 

10015 

-16 

102 

3487 

62 

10078 

+  17 

3371 

23 

10148 

+  19 

40.9 

21 

100 

3359 

129 

300 

- 

- 

3403 

127 

102 

3451 

1  19 

3497 

110 

40.9 

23.33 

100 

3337 

113 

300 

- 

- 

3402 

1  10 

102 

3446 

100 

3490 

87 

40.9 

27 

100 

3338 

109 

300 

- 

- 

102 

3437 

73 

3303 

103 

300 

16336 

109 

3320 

<28 

3334 

61 

46.1 

2  3.33 

100 

3363 

1  34 

300 

10003 

1  13 

102 

3431 

148 

302 

10088 

1  18 

304 

10175 

1  13 

320 

10192 

<  30 

306 

10264 

90 

Table 

2  shows  that 

for 

(38.3, 

26.0)  the 

three 

major  resonances  have  very  low  turnovers,  -lb,  17,  and 
19  respectively.  Figure*  9  shows  the  original  f(T) 

plot  for  the  T  •  -lb  C  mode.  We  note  a  jump  In  fre- 
'  to 


155 


quency,  or  possible  activity  dip,  at  68  °C.  This  gave 
an  indication  that  the  resonance  may  not  be  the  300 
mode,  but  may  be  associated  with  a  spurious  mode.  We 
further  Investigated  the  origin  of  this  anomaly  by  mul¬ 
tiple  mode  tracking  over  an  extended  temperature  range. 
Figure  10  shows  the  results,  and  indeed  we  are  ob¬ 
serving  the  Interaction  of  two  resonances,  one  de¬ 
creasing  and  one  increasing  in  strength  with  Increasing 
temperature.  The  two  resonances  are  of  equal  strength 
around  70  C,  and  at  this  temperature  we  observe  the 
frequency  jump  to  the  stronger  resonance. 


*  =  38  5* 
8  =  26" 


tv 


n- 


-V 


Figure  10.  Multimode  frequency  track  between  -30  and 
140  C  for  resonator  shown  in  Fig.  9.  Data  Indicate 
that  the  frequency  jump  occurs  when  the  two  resonances 
are  approximately  of  equal  strength. 


Figure  9.  Frequency  as  a  function  of  temperature  for 
(38.3,  26)  orient  .ttlon  showing  a  turnover  at  -26  C 
and  a  frequency  jump  at  68  C. 
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Conclusions 

The  data  shown  in  this  paper  confirm  our 
contention  that  the  AK-cut  offers  practical  turnover 
temperatures  that  are  relatively  Insensitive  to  crys¬ 
tallographic  mlsorlentatlons .  The  measured  T  values 
agree  well  with  the  calculated  predictions.  Fourteen 
orientations  have  been  experimentally  studied  and  all 
crystals  show  a  number  of  inharmonic  modes  both  in  the 
fundamental  and  3rd  overtone.  The  design  goal  of 
having  the  main  nOO  mode  exceed  in  strength  all  other 
modes  by  at  least  6  dB  is  achievable.  For  the  3rd 
overtone  the  major  resonances  of  several  orientations 
are  seriously  affected  by  Interaction  between  the  c- 
and  a-modes.  This  leads  to  exponentially  decaying  vib¬ 
rations  and  impaired  energy  trapping.  Preliminary 
measurements  show  that  these  orientations  do  possess 
regular  c-modes  in  the  5th  overtone.  Work  is  currently 
In  progress  to  optimize  the  mode  structure  by  judicial 
choices  of  resonator  disk  size,  curvature,  electrode 
diameter  and  other  geometrical  and  operational 
parameters . 
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SUMMARY 


A  new  model  of  temperature  distribution 

in  a  quartz  crystal  resonator  is  presented.  The 

relative  importances  of  thermal  exchanges  between 
the  crystal  and  the  surrounding  medium  by  heat 
conduction  through  the  supports  and  by  radiation 
with  the  enclosure  are  evaluated.  Thermal  diffusion 
in  the  crystal  itself  and  in  the  electrodes  also 
are  compared.  The  conclusions  lead  to  a  temperature 
gradient  distribution  which  is  in  the  main  plane 

of  the  crystal,  and  which  does  not  present  a 

functional  dependence  (at  least  at  the  first 

order)  along  the  plate  thickness  as  it  was  the 

case  in  previous  models. 

Also  is  included  the  influence  of  the  internal 
heat  source  due  to  the  energy  dissipated  by  the 
internal  friction. 

The  corresponding  in-plane  thermal  stresses 
are  calculated  in  the  isotropic  approximation, 

and  anisotropy  is  introduced  by  means  of  the 

stress-strain  relations.  Then,  by  using  a  perturba¬ 
tion  method,  the  frequency  shifts  are  obtained, 
for  both  static  and  dynamic  thermal  behaviors. 


INTRODUCTION 

The  quartz  resonator,  under  static  thermal 
conditions,  i.e.  thermal  equilibrium  and  uniform 
temperature  distribution,  has  been  exhaustively 
studied.  When  the  temperature  distribution  is 
nonuniform  ,  stresses  and  strains  appear  and  the 
resonance  frequency  of  the  resonator  is  modified. 
The  first  calculation  of  the  influence  of  a  non- 
uniform  temperature  distribution  was  made  by 

Hoi  land  ^  using  the  infinite  plane  plate 

model  schematized  figure  1. 


This  model  presents  three  difficult  es 

-  the  actual  boundary  conditions  are  not 
taken  into  account, 

-  the  energy  trapping  does  not  appear, 

-  only  thermal  gradient  3  T/  3z  can  occur, 
without  any  radial  component. 


Next,  theoretical  results  were  given  by  Theobald 
(4) 

and  Sinha  ,  still  based  upon  the  infinite  plate 

model.  Recently,  Valentin^^^  pointed  out  that 
the  heat  transfers  through  the  quartz  itself 
and  not  through  the  electrodes.  Consequently, 
the  thermal  gradients  mainly  are  radial  rather 
than  perpendicular  to  the  plate.  On  this  statement, 
a  new  thermal  model  for  trapped  energy  quartz 

resonator  was  proposed^^\ 

In  order  to  determine  the  effects  of  temperature 
perturbations  on  the  resonance  frequency,  it 
needs  to  introduce  such  in  plane  gradient  distribu¬ 
tion.  Therefore,  in  the  present  study,  a  breaf 
review  of  the  results  concerning  the  thermal 
exchanges  from  the  quartz  crystal  to  surroundings, 
is  presented.  Then,  the  crystal  temperature  distribu¬ 
tion  is  determined  in  the  two  following  cases; 
the  temperature  of  the  surrounding  medium  is 
either  time  independent  or  time  dependent.  The 
thermal  stresses  are  derived  from  the  equilibrium 
equation  for  a  thin  crystal  plate,  in  the  static 
and  dynamic  cases.  Finally,  neglecting  the  mechanical 
effects  from  the  holders,  frequency  shifts  arising 
from  the  thermal  stresses  in  a  plate  free  to 
expand  ,  is  calculated. 


THERMAL  MODEL  OF  THE  QUARTZ  RESONATOR 

In  a  quartz  resonator,  as  shown  in  Fig. 
2,  thermal  exchanges  with  the  surrounding  medium 
can  take  place  by  conduction  inside  the  crystal 
and  the  electrodes,  and  by  radiation  between 
the  resonator  surfaces  and  the  enclosure.  Inside 
the  enclosure  the  residual  pressure  does  not 

_5 

exceed  10  millibar.  Therefore,  exchanges  by 
gaseous  conduction  and  convection  can  be  neglected. 


Figure  2 

Considering  a  plano-convex  crystal  plate, 
the  energy  trapping  imposes  a  thermal  power  distri¬ 
bution  q(r)  inside  the  resonator  central  part 
which  obeys  a  quasi-gaussian  law.  Therefore  q(r) 
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can  be  written 


q(r)  =  p  e 


2 

O 


When  the  curvature  radius  of  the  convex 
surface  is  optimized,  that  is  the  case  for  all 
metrological  resonators,  generally  r  =  R/3. 
Then,  the  crystal  bulk  radial  conductance 

is  approximated  by  the  following  expression 

Y  -  2  X  h  — 

quartz  o  Log  R/r^ 

where  X  is  the  average  thermal  conductivity  of 
the  a -quartz. 

Electrodes  can  be  considered  like  foils 
of  chromium  and  gold.  Their  conductance  '’gjgj-t 
is  given  by 

Y  ,  =  (Xe.  +  Xe^  ) 

elect  Au  Cr  Log  0/rQ 

where  X  e^^  is  the  product  of  the  gold  thermal 

conductivity  by  its  thickness  and  likewise  for 
chromium. 

Considering  a  quartz  plate,  1.6  mm  thick, 
with  R  and  0  respectively  eqjjial  to  7,5  mm  and 
5  mm,  and  coated  with  2000  A  of  chromium  and 

gold,  the  conductance  ratio  elect 

60.  This  shows  that  radial  conduction  inside 
the  electrodes  is  negligible. 

The  electrodes  are  electrically  connected 
to  the  holders  by  a  gold  plated  strip  on  each 
surface  (Fig.  3).  Thermal  transfers  take  place 
inside  these  strips  and  inside  the  crystal  under¬ 
neath.  Comparison  of  thermal  conductances  indicates 
a  ratio  of  the  order  of  100  to  500.  Again  thermal 
transfer  inside  the  plating  is  negligible. 


crystal 

electrode 

strip 

holder 


The  thermal  conductance  due  to  radiation 
between  the  resonator  and  the  enclosure  is  expressed 

by^^> 


e  e 


(T 


(  i 


*:  )  (I 


)  ^ 


where  r.  and  f,  are  the  energetical  emission  factors 

of  enclosure  aVid  quartz  materials,  a  is  the  Stefan's 

constant,  S  and  S_  are  the  emissive  surfaces 
q  e 

of  the  quartz  crystal  and  the  enclosure.  T^  and 


Considering  enclosures  made  of  glass  or 
ceramic,  the  e  factor  is  of  the  order  of  0.92 
to  0.98.  In  -file  case  of  quartz  crystal,  the 

e  factor  of  free  surfaces  is  0.95  and  0.04  for 

gold  plated  surfaces.  Under  these  conditions, 
for  temperatures  around  350  K  and  S  /S  =  1/3, 
the  previous  equation  gives  ® 

Y^lelectrodesl  =  6  10”^  W/K 

Y^(crystal)  =  2  10"^  U/K 
main  faces 

Y^(crystal  edge)  -  5  10“'^  W/K 


These  various  results  are  summarized  figure 
4  and  the  proposed  thermal  model  is  schematized 
in  figure  5. 


Radiat.  C  +  E  »  Radiat.  6 


Figure  4 


If  the  enclosure  is  made  of  bright  metal, 
all  previous  computed  conductances  by  radiation 
must  be  divided  by  10.  For  this  study,  we  consider 
this  last  case,  since  quartz  resonators  enclosures 
are  usually  made  with  gold  plated  copper. 

Thermal  conductance  of  holders  rules  the 
relative  importance  of  the  transfers  by  conduction 
in  comparison  to  the  radiative  transfers.  For 
holders,  an  average  value  of  the  thermal  conductance 

can  be  chosen  about  2  10~^  W/K.  Then,  it  can 

be  shown  that  most  of  the  thermal  exchanges  are 
due  to  radial  heat  conduction  in  the  crystal. 
The  transfers  inside  the  electrodes  and  by  radiation 
are  negligible.  Therefore  the  induced  thermal 
gradients  will  be  located  in  the  main  plane  of 
the  crystal  without  any  functional  dependence 
along  the  thickness.  A  comparison  between  the 


158 


regular  model  of  the  infinite  plane  plate  and 
the  new  model  is  presented  in  figure  6.  In  the 
first  case,  the  thermal  flux  transfers  only  through 
the  thickness  of  the  crystal  ;  in  the  second  case 
the  thermal  flux  transfers  only  through  the  main 
plane  of  the  crystal. 


'' 


Two  practical  cases  will  be  considered. 

1)  The  steady  state  of  a  resonator  with  internal 
heat  dissipation  and  linear  thermal  transfer  from 
resonator  edge  to  surrounding  medium  with  constant 
external  temperature. 

2)  The  transient  rate  of  a  resonator  with  linear 
thermal  transfer  as  previously  and  time  dependent 
external  temperature  ;  this  last  case  leading 
to  the  dynamic  temperature  behavior. 


STEADY  STATE 


Temperature  distribution 


Figure  7 


The  circular  quartz  plate  of  radius  R  is  represen¬ 
ted  in  Fig.  7.  T(r,0)  is  the  temperature  of  the 
crystal  ,  which  is  mounted  by  two  holders  having 
an  angular  width  z  2c.  The  external  temperature 
is  called  0.  Using  polar  coordinates  (r.g)  in 


the  x^Xj  plane,  the  temperature  diffusion  equation 
is  given  by 

3i,2  r  8r  392  X  (1 ) 

when  the  thermal  power  distribution  q(r)  is  refered 
to  the  unit  volume  and  obeys  a  Gaussian  law, 
as  previously  pointed  out.  The  isotropic  approxima¬ 
tion  is  assumed.  Symmetry  considerations  allow 
one  to  choose  a  solution  with  the  form 


T  =  U  (r)  +  U,(r,6) 
o  1 

where 


(2) 


U  (r,0)  =  ?  L)  (r)  cos  2k0 

1  k-1  2k 

(3) 

U  (r)  is  solution  of  V^U  (r)  -  -  ^ 

0  Of'- 

(4) 

and 

U^(r,9)  is  solution  of  V^Uj^(r,0)  =  0 

(5) 

The  linear  thermal  transfer  at  the  boundary  is 
written 


X 


11 

3r 


+  HT 


H0 


for  r  =  R 


where  H  is  the  transfer  coefficient. 


(6) 


Let  be  the  value  of  H  at  the  fixation 

points,  i.e.  for  -  e  <  9  <  e  and  n  -  e  <  9  <  n  +  e  ,  and  H2 

the  value  for  e  <  9  <  71  -  e  and  tt  +  c  <  9  <  2Tf-£ .  According 
to  the  fact  that  thermal  radiation  between  the 
resonator  edge  and  the  gold  plated  enclosure 
is  very  small,  then  will  be  made  zero. 


Using  the  notation  h  =  H/X  ,  the  transfer 
coefficient  can  be  expanded  into  a  Fourier's 
series 

h  =  h  +,  2.  h^,  cos  2  k  9  (7) 

o  k=l  2k  '  ' 

with 


h 

o 


-  h^)  E  t 


(8) 


and 


,  4  .  sin  2  k  E 

^k  =  ¥  — TiT- 


(9) 


Considering  the  condition  e  <<  ir  ,  the  previous 
equations  can  be  solved  by  using  a  method  of 
successive  approximations.  After  calculation, 
the  following  expression  is  obtained 


ur 


■+  f(R)  -  f(r)  +  2  [1  - 

k  =  f 


R 


with 


cos  2k  0]  } 

(10) 
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From  this  last  result,  various  families  of 
isotherms  have  been  obtained  by  computer.  The 
first  series  of  the  following  figures  shows  how 
the  temperature  repartition  depends  on  energy 
trapping  for  a  resonator  maintained  by  two  opposite 
holders.  The  curves  are  the  isotherms.  In  the 
perspective-wiews ,  the  temperature  of  each  point 
of  the  resonator  refers  to  the  external  temperature. 


The  topography  of  the  resonator  is  evolutive. 
Without  energy  trapping  (r^  =  R)  the  top  appears 
as  a  "pass".  For  weak  energy  trapping  (r^  =  2R/3) 
the  top  becomes  a  "mesa",  next  a  smoothed  hill 

(r  =  R/3)  and  finally  a  hill  for  strong  energy 
°  R 

trapping  (r^  =  — ) .  The  second  series  of  figures 
shows  how  the  temperature  repartition  depends 
on  holders  thermal  conductance.  For  this  last 
series,  the  trapping  is  normal  in  all  cases. 


Without  energy  trapping 

r  =  R 
o 


Weak  energy  trapping 

r  =  2  R/3 
0 


A' 


Strong  energy  trapping 
ro  =  R/5 


TEMPERATURE  REPARTITION  DEPENDS  ON  ENERGY  TRAPPING 
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Wt  Ik  conductance  =  10  m 


No  conductance  =  1  rti 


TEMPERATURE  REPARTITIOH  DEPENDS  OW  HOLDERS  THERMAL  CONDUCTANCE 


Thermal  stress  :$ 

Refered  to  the  rectangular  coordinates, 
the  state  ot  stress  is  specified  by  the  three 
in-plane  stress  components  T^ ,  and  T^,  without 

any  functional  dependence  along  the  thickness. 
The  figure  8  indicates  the  chosen  notations. 


Let  be  u^  and  Ug  the  mechanical  displacements 
and  o  Og  and  the  stress  components  in  polar 

coordinates.  Calculation  of  the  stress  distribution 
is  made  in  the  case  of  the  isotropic  approximation. 
The  anisotropy  of  quartt  crystal  is  introduced 
later  by  means  of  the  strain-stress  constitutive 
equations. 

Introducing  the  thermoelastic  displacement 
potential  f  ,  the  thermomechanical  equilibrium 
is  written  as 


72  y 
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^  r  3r 
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11 


11 


T  +  C, 
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where  a  is  the  thermal  expansion  coefficient  in 
the  isotropic  approximation,  T  the  temperature. 


a  constant  to  be  calculated,  and  the  's 
are  the  elastic  compliances. 


The  external  temperature  can  be  expanded  into 
a  Fourier's  series 


According  to  the  general  form  of  the  temperature 
(eg.  2  and  3),  a  similar  form  is  chosen  for  the 
potential 


())(9,t)  =  cos  2  k  0  (16) 


1  =  ,1.  (r)  cos  2  k  0 

k=0  2k 


.f  ^l(t) 


The  U^(r,  0)  component  being  a  solution  of 

2  (7) 

V  U^(r,0)  =  0  does  not  induce  any  thermal  stress  . 

Then,  the  stress  distribution  depends  only  on 
the  r  coordinate,  and  the  displacement  takes 
the  form 


,  (  j  ^  sin  2J<e  ^  j 

'^2k^  ^  IT  2k 


The  diffusion  equation,  the  heat  transfer 
equation  at  the  edge  and  the  initial  condition 
are 


s  ,  ,  -  s  ,  ,  ,  r 

a  - - - -  -  /  rU  (r)dr  + 

s ,  ,  r  o  o  2  1 

(14) 


Using  Hooke's  law  the  stress  expressions  at  the 
center  of  the  resonator  are  given  by 


•;^+hT=:h0(0,t)  for  r  =  R 
or  o  o 


T  =  0  t  =  0 


J  -  Oi,  -  ^  t  -y  /  r  U  (r)  dr} 

r  0s,,  2  o  o 


1  j 

ra 


X  being  the  thermal  diffusivity  constant. 


where  T^  is  the  temperature  of  the  center.  Since 
0^  =  .Jq  and  =  0,  thus  T.j  =  Tj  =  =  Og  and 

T_  =  0.  As  a  consequence  of  such  a  stress  distribu- 

^  (8) 
tion,  it  appears  that  SC-cut  will  minimize 

the  effect  of  the  above  mentioned  static  thermal 

distribution. 


Using  the  Duhamel's  theorem  and  after  calculation, 
the  solution  of  the  previous  equations  is  given 
by  the  following  expression 


^  =  kio  I  ^2kSk.s 

X  “k,s 


TRANSIENT  RATE 


The  problem  which  is  now  examined  corresponds 
to  a  time  dependent  external  temperature  and 
leads  to  the  theoretical  determination  of  the 
phenomenological  coefficient  a"  introduced  by 

(9) 

Ballato  ,  for  characterizing  dynamic  behavior 
of  quartz  resonators. 

The  internal  energy  dissipation  is  neglected 
and  the  initial  temperature  in  the  crystal  is 
taken  equal  to  zero.  The  boundary  condition  will 
be  simplified  by  imposing  at  the  boundary  a  tempera¬ 
ture  distribution  (J(0  ,t),  as  shown  in  figure 
9,  rather  than  the  previous  distribution  of  equa¬ 
tions  7,  8  and  9.  Then,  the  thermal  exchanges 
at  the  edge  will  be  very  small  except  at  the 
fixation  points. 


Bjk  s  .  (22) 

-  k5o  I  TT^ '2kSk,s 

X  “2k, s 


®2k  s  ''^“2k 

-  ,  5.  i:  — J,.  (a„,  r)  cos2  1«  e 

0,(0) 

x{0,(o)--i - 1 

1  -.2 


4R  X 

J.(a  R) 

X  “2k, s 

^  o,s  e 

i  o  ,s 

(77) 

J^(a  R) 

0,S  0 

o  o,s 

(24) 

h  sin  2  k  e 
o 

'^2k+l*“  2k, 

(R^a^,  +R^h^ 

2k, s  0 

-4k^)  2nk(2k  +  h^) 

^  2k, s 

where  J,,  are  the  Bessel's  function  of  2k  order 
2k 

and  °‘2k  s  roots  of  the  following  set 

of  k  transcendental  equations  when  r  =  R 


—  (a  ,  r)  +  h  J  ,  (a.,,  r)  =  0  (25) 

dr  2k, s  o  2k  2k, s 


Figure  9 


In  the  equation  (22)  the  first  term  is  propor¬ 
tional  to  0.j(t)  and  so  represents  the  static 
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thermal  behavior  of  the  resonator.  The  second 
term  is  proportional  to  the  time  derivative  of 
the  external  temperature  and  corresponds  to  the 
dynamic  temperature  effect.  The  third  term  introduces 
the  transient  rate. 


As  previously,  thermal  stresses  can  be  obtained 
using  the  thermoelastic  displacement  potential 
'('and  the  Hooke's  law.  After  calculation,  they 
may  be  written  at  the  center  of  the  resonator 
in  the  form 


At) 

^  o  ,s  o ,s 


Bo 


^  +  0,(t)  (26) 


“2, s'’  " 


V  r  C,S  1 
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o,s 


a  R 
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The  stress  components  being  known,  the  perturba¬ 
tion  method  proposed  by  Tiersten^^*))  enables  to 
obtain  the  relative  frequency  changes  due  to  the 
dynamic  temperature  effect. 


The  following  table  presents  the  typical 
results  obtained  after  computation  for  the  regular 
quartz  cuts  and  for  medium  (h.^  =  100)  and  large 
(h.|  =  1000)  conductances. 


It  can  be  pointed  out  that  the  li  coefficient  does 
not  vary  so  much  with  the  holders  conductance 
in  the  case  of  the  AT  cut,  but  is  divided  by  six 
when  the  conductance  varies  from  medium  to  large 
in  the  case  of  the  SC  cut.  It  can  be  also  pointed 
out  that  the  'k  coefficient  is  very  sensitive  to 
a  slight  variation  of  the  angles  0  or  $  for  doubly 
rotated  cuts. 
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SUMMARY 

In  a  previous  paper,  three-dimensional  linear  field 
equations  for  small  vibrations  superposed  on  thermally 
induced  deformations  by  steady  and  uniform  temperature 
changes  are  derived  from  the  nonlinear  field  equations 
of  thermoelasticity  in  Lagrangian  formulation.  From  the 
solutions  of  these  equations  for  the  simple-thickness 
vibrations  and  measurements  by  Bechmann,  Ballato,  and 
Lukaszek  for  various  doubly-rotated  quartz  plates, 

values  of  the  first  temperature  derivatives  C^'’^  and 

pq 

-(2) 

effective  second  temperature  derivatives  C  of  quartz 
were  calculated. 

The  first  temperature  derivatives  are  needed  for 
predicting  the  changes  of  wave  speed  in  a  crystal  as  a 
function  of  temperature,  and  the  second  temperature 
derivatives  are  essential  for  calculating  the  turn-over- 
point  temperature  when  the  frequency-temperature 
behavior  exhibits  a  parabolic  characteristic  as  in  the 
cases  of  flexural  or  extensional  vibrations  of  a  quartz 
beam.  When  the  frequency-temperature  behavior  has  a 
cubic  expression  as  in  the  case  of  thickness-shear 
vibrations  of  AT-  or  SC-cuts,  the  third  temperature 
derivatives  are  needed  for  computation. 

In  the  present  paper,  the  previous  work  is  extended 
to  include  the  third-order  perturbations  so  that  values 

~(3) 

of  the  effective  third  temperature  derivatives  C  are 
obtained  for  quartz. 

In  order  to  study  the  effect  of  a  free  edge,  a 
system  of  two-dimensional  equations  of  crystal  plates 
subject  to  uniform  and  steady  temperature  changes  Is 
derived  from  the  three-dimensional  variational  stress 
equations  of  incremental  motion  by  expanding  the 
incremental  displacement  in  a  power  series  of  the 
thickness  coordinate  according  to  Mindlin's  procedure. 
Then  a  system  of  four  coupled  equations  governing  the 
thickness-shear,  thickness-twist,  thickness-stretch,  and 
flexural  modes  are  employed  to  study  the  vibrations  of  a 
doubly-rotated  crystal  strip  with  a  pair  of  free  edges. 


equations  of  thermoelasticity  in  Lagrangian  formulation. 
From  the  solutions  of  these  equations  for  the 
simple-thickness  vibrations  and  measurements  by 
Bechmann,  Ballato  and  Lukaszek^  for  various 

doubly-rotated  quartz  plates,  values  of  and 

-(2)  P‘1 

C  of  quartz  were  calculated, 
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The  first  temperature  derivatives  are  needed  for 
predicting  the  changes  of  wave  speed  in  a  crystal  as  a 
function  of  temperature,  and  the  second  temperature 
derivatives  are  essential  for  calculating  the  turn-over- 
point  temperature  when  the  frequency-temperature 
behavior  exhibits  a  parabolic  characteristic  as  In  the 
cases  of  flexural  or  extensional  vibrations  of  a  quartz 
beam.  When  the  frequency-temperature  behavior  has  a 
cubic  expression  as  in  the  case  of  thickness-shear 
/Ibrations  of  AT-  or  SC-cuts,  the  third  temperature 
derivatives  are  needed  for  computation. 


In  the  present  paper,  the  previous  workl-  is 
extended  to  Include  the  th.rd  order  perturbations  so 
that  values  of  the  effective  third  temperature 


derivatives  C 


(3) 

pq 


are  obtained  for  quartz.  By  regrouping 


the  terms  in  the  Incremental  stress-strain-temperature 
relations,  certain  expressions  in  terms  of  the  elastic 
stiffnesses,  temperature  derivatives  and  thermal 
expansion  coefficients  can  be  identified  as  having 
similar  significance  as  the  temperature  coefficients  of 
Cpq  defined  by  Bechmann.  Therefore  values  of  these 
expressions  are  calculated  and  are  listed  with  values  of 
the  temperature  coefficients  of  Cpq 
obtained  by  Mason3,  Koga  et  al^,  Bechmann,  Ballato 
and  Lukaszek^,  Adams,  Enslow,  Kusters  and  Ward^ ,  and 


Kahan^.  Based  on  the  values  of  C^^J  C^^^  and  C^^\  the 

pq  pq  pq 

first,  second  and  third  temperature  coefficients  of 
frequency  for  the  thickness  vibrations  of  various  doubly 
rotated  cuts  are  computed  and  compared  with  the  observed 
values  of  Bechmann,  Ballato  and  Lukaszek^.  The 
inflection  temperature,  lower  and  upper  turn-over 
temperature  of  the  thickness-shear  vibrations  of  various 
angles  of  the  AT-cut  are  calculated  and  compared  with 
experimental  values. 


From  the  analytical  solutions,  dispersion  relations 
and  frequency  spectrum  for  an  SC-cut  quartz  strip  with  a 
pair  of  free  edges  are  computed.  Then  changes  in  the 
thickness-shear  resonance  frequencies  as  a  function  of 
temperature  are  predicted  for  various  values  of 
length-to-thickness  ratio  of  the  plate  a/b,  orientation 
angles  if  and  6. 

INTRODUCTION 

In  a  previous  paper^,  three-dimensional  linear 
field  equations  for  small  vibrations  superposed  on 
thermally  induced  deformations  by  steady  and  uniform 
tamperature  changes  are  derived  from  the  nonlinear  field 
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In  order  to  study  the  effect  of  a  free  edge,  a 
system  of  two-dimensional  equations  of  crystal  plates 
subject  to  uniform  and  steady  temperature  changes  is 
derived  from  the  three-dimensional  variational  stress 
equations  of  Incremental  motion  by  expanding  the 
incremental  displacement  in  a  power  series  of  the 
thickness  coordinate  according  to  Mindlin's  procedure. 
Then  a  system  of  four  coupled  equations  governing  the 
thickness-shear,  thickness-twist,  thickness  stretch,  and 
flexural  modes  are  employed  to  study  the  vibration  of  a 
doubly-rotated  crystal  strip  with  a  pair  of  free  edges. 

From  the  analytical  solutions,  dispersion  relations 
and  frequency  spectrum  for  an  SC-cut  quartz  strip  with  a 


pair  of  free  edges  are  coopuCed.  Then  changes  In  the 
thickness-shear  resonance  frequencies  as  a  function  of 
temperature  are  predicted  for  various  values  of  length 
to  thickness  ratio  of  the  plate  a/b,  orientation  angles 
^  and  0. 


EQUATIONS  OF  INCREMENTAL  MOTION  SUPERPOSED 
ON  HOMOGENOUS  THERMAL  STRAINS 


The  variation  of  resonant  frequencies  of  quartz 
resonators  due  a  steady  and  uniform  ambient  temperature 
change  is  considered.  Since  the  small  amplitude 
vibrations  of  the  crystal  resonators  generate  negligible 
heat,  Che  equations  of  motion  are  assumed  to  be 
uncoupled  from  the  heat  equation.  The  small  amplitude 
vibrations  of  the  crystal  subject  to  steady  and  uniform 
temperature  is  described  by  three  consecutive  states 
through  which  the  crystal  undergoes.  The  first  state  is 
the  natural  state  at  which  the  crystal  body  is  free  of 
stress  and  strain,  at  rest  and  at  a  uniform  reference 
temperature,  Tg.  Next,  the  body  expands  or  contracts 
freely  under  the  steady  and  uniform  temperature  change 
of  Q  “  T  -  Tg.  This  is  the  initial  state:  the  crystal 
is  still  statically  at  rest  and  free  of  stress  and 
strain.  At  the  third  and  final  state,  small  amplitude 
waves  are  superposed  on  Che  initial  state.  Since  the 
waves  generate  negligible  heat,  there  is  no  temperature 
change  when  the  crystal  body  goes  from  Che  initial  state 
to  Che  final  state.  The  material  properties, 
displacements,  stresses  and  strains  are  all  referred  to 
a  common  rectangular  Cartesian  fram  of  reference  at  Che 
natural  state.  Fig.  1  shows  the  reference  frame  and  Che 
three  states  through  which  the  crystal  undergoes.  If 
x^,  yi  and  z^  (i  »  1,2,3)  are  the  generic  material 
points  at  the  natural,  initial  and  final  state, 
respectively,  then  the  initial,  final  and  incremental 
displacements  are  respectively:  Ui  “  y^  -  Xj^; 

Ui  =  Zi  -  Xi;  Ui  ”  Ui  -  Ui  »  Zi  -  y^.  The  incremental 
quantities,  such  as  Che  incremental  stress,  strain  and 
surface  traction  are  defined  as  the  difference  between 
the  respective  quantities  in  the  final  and  initial 
state  given  in  the  table  below: 


Final 

Initial 

Incremental 

Stress 

Tlj 

Tij 

Cij  ■  Tij  -  Tij 

Strain 

Elj 

Elj 

Sij  ■  Elj  “  ^ij 

Surface 

Traction 

Pi 

Pi 

Pi  -  Pi  -  Pi 

TABLE  1 


The  nonlinear  governing  equations  in  Lagrangian 
formulation  for  the  initial  state  are: 


E.  .  -  1/2  (U.  ,  +  U,  .  +  U,  U.  .) 
ij  J,i  i,j  k,i  k,j 

T,  ,  -  C®,,  ,E,  ,  +  1/2  C®,,  ,  E,  ,E 
ij  ijkl  kl  ijklmn  kl  ran 


+  1/6  C'  ,  E,  ,E  E 

ijklmnpq  kl  mn  pq 

,  3  0 

+  1/24  C,  ,  E,  ,E  E  E  -  X,  , 

ijklmnpqrs  kl  mn  pq  rs  ij 

in  V 


^■''j^'ij"  Vi.k^  '• 


(1) 


Where  V  and  S  are  the  volume  and  surface  of  the  crystal 
body  at  Che  natural  state. 


^  -  1/2(U  +  U  +  U  U  ) 

ij  i,j  i,j  k,l  k,j^ 

T  -  C®..  ,i,  ,  +  1/2  C®.,  ,  E, 
ij  ijk.1  kl  xjklmn  kl  mn 

•f  1/6  C®.,  ,  E,  ,E  E 

ijklmnpq  kl  mn  pq 

+  1/24  C®.,  ,  E.  ,E  EE  -  X®. 

ijklmnpqrs  kl  mn  pq  rs  ij 


^"ij  ^  Vl.lc\j  “  ^  “i 

h  -  ‘'j  on  S.  (2) 

n^  are  the  components  of  the  unit  outward  normal  to  the 

bounding  surface  S  of  the  crystal.  C®. ,  , ,  C®  ,  ,  , 

ijkl  ijklmn 

®ijklmnpq  ^ijklmnpqrs  temperature  dependent 

elastic  constants  which  have  the  following  relations: 


C,  -0+1/2  •  0^  +  1/6  • 

ijkl  ijkl  ijkl  ijkl 

,(1) 


,3 


ijkl 

®  .  ,  -  C,  ...  +  -0+1/2  -  0‘ 

ijklmn  ijklmn  ijklmn  ijklmn 


C®  .  C  +  -  0 

ijklmnpq  ijklmnpq  ijklmnpq 

C®  -  C 

ijklmnpqrs  ijklmnpqrs 
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where  C 


(n) 

ijkl 

,(n) 

'ijklmn 
.(n) 


ijkl 


3T 


3^“^C 


ijklmn 


3T 


1,2,3 


1,2 


3^">C 


and  C 


ijklmnpq 


ijklmnpq 
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3T“ 


are  the  n^h  temperature  derivatives  of  the  second-, 
third-  and  fourth-order  elastic  stiffnesses, 
respectively.  The  stress  coefficients  of  temperature, 

0 

Xj^j,  has  the  relation: 

‘Jr 


XT.-  X^^^-  0+  1/2X,^^^-  0^+  l/6xf^^-  0^+  1/24X,^^^-  0^ 


ij 


ij 


ij 


(4) 


where  X^"^  are  the  n^^  order  stress  coefficients  of 
ij 

temperature. 

When  the  difference  is  taken  between  the  respective 
equations  of  (2)  and  (1)  and  following  the  definitions 
of  Table  1,  we  obtain  the  Incremental  field  equations: 

eij  -  l/2(uj^i  +  uij  +  Uk,,jUk^i  +  Uk^iukj) 

t,  ,  ”  (C?,,  .  +  C?.,  ,  E  +  1/2  C®, ,  ,  E  Enn 

ij  ijkl  ijklmn  mn  Ijklmnpq  mn  PH 

(^ij "  Vi.k  ^  Vi.it\j  ■  <=“1 

Pi  ■  "j^^ij  ^  ^jk'Ji,k  Vi.k^  ® 

In  the  above  equations,  quadratic  terms  of 
incremental  quantities  are  dropped,  since  small 
amplitude  waves  are  considered. 


The  equations  for  the  final  state  should 
necessarily  have  the  same  form  as  (1),  namely: 


At  the  initial  state,  the  crystal  expands  freely. 
Chat  is,  Che  initial  stress  is  zero.  When  values  of  the 
linear  thermal  expansion  coefficients: 
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(6) 


e2,,(3).  e3 

9 

are  measured  Instead  of  those  of  X^j,  we  have  by  Its 
definition  and  symmetry, 

^  ■  “ij  ’  “ji 

Therefore,  the  initial  strain  is 

^ij  “  “ij  ^  \i\j 

The  magnitude  of  the  quadratic  term  of  (8), 

estimated  from  Bechmann's  values^^^  of  and 

ij  IJ 

(3)  -3 

for  quartz,  are  of  the  order  of  10  smaller  than 

the  first  term  and  hence  are  neglected.  Hence,  to 
summarize,  the  initial  state  is  reduced  to  a  simple 
state  of  stress-free,  homogenous  thermal  strain: 

U,  -  U,  .  -  E.  .  =•  a®,, 
j.i  l.J  ij  ij 


homogenous  thermal  strains,  values  of 


ijkl'  ''Ijkl' 


,(l) 


.(2) 


and  U .  *  0 

i 


(9) 


When  the  first  two  equations  of  (9)  are  substituted  into 
(5),  we  get  the  Incremental  field  equations  for  small 
amplitude  waves  superposed  on  homogenous  thermal  strain. 


C  and  C 

ijklmn’  ijklmn’  Ijklmnpq’  ijklmnpq  ijklmnpqrs 

need  not  be  known. 

Thickness  Vibrations  Subject  to  Homogenous  Thermal 
Strains 

The  Incremental  displacement  equations  of  motion 
are  obtained  by  substituting  (10a)  into  (10b)  and  the 
result  into  (10c)  and  (lOd): 

Gljkl“k,jl  “  PUi  in  V  (13a) 

Pi  -  njGijkiuk^l  on  S  (13b) 

where: 

r  r  r(3)  .  „2  ,  _(3)  .  „3 

‘^ijkl  ‘^ijkl  '^ijkl  ®  ®ijkl  ®  ®ijkl  ® 

‘^IjL  "  ‘^hkl  '^ljklmn“mn^  *  ‘^Ijsl^ks^  ^  '^sjkl“is^ 

ijkl  ijkl  ijklmn  mn  ijsl^s  sjkl  is 

ijsl  Ks  sjkl  is  Ijslmn^inn  \s 


eij  -  l/2(u._^  +  u^^  .  +  .) 

(10a) 

sjklmn  mn  is  sjtl“is  \t 

(C.  ■n+  •  0  +  •  0^  +  IV,  •  0^)ev, 

ij  ijkl  ijkl  ijkl  ijkl  kl 

(10b) 

.  1/6C<3>  +  C 

ijkl  ijkl  ijklmn  mn  ijsl  xs  sjkl  is 

(t  +  a?,  t  .,  )  “  pu.  in  V 

Ij  ik  jk^j  1 

(10c) 

+  .^2)  JO  (2) 

ijsl  KS  sjkl“is  Ijslmn^mn  “ks 

p,  -  n . (t,  .  +  o®,  t  .,  )  on  S 
*^1  j  ij  ik  jk' 

(lOd) 

+  r  „0)„(2)  ,  ,,,p:(2)  (1)  ,  ,/,s(2)  (1) 

sjklmn  mn  is  ijsl“ks  ^  sjkl“is 

where  D''*''  »  C^*’^  +  C 

ijkl  ijkl  ijklmn  mn 


jd) 

ijkJ 

,<2) 


D.':'  -  1/2  +  C,  ,  a 

ijkl  ijkl  ijklmn  mn 


(2) 

n 

(3) 


0^3)  -1/6C<^)  a 

ijkl  ijkl  ijklmn  mn 


(11) 


and 


?(2)  =  r^2)  (1)  (1) 

ijkl  ijkl  ijklmn  on  ijklmnpq  on  pq 

p(3)  _  (3)  (2)  (1)  (2) 

ijkl  ijkl  ^ijklmn°'mn  ^ijklmn°mn 

^  (IL)  (2)  ^  ,„(1)  (1)  (1) 

ijklmnpq  mn  pq  ijklmnpq  mn  pq 


.  -  „(2)dl)  +  p  J2)„(l) 

^ijslmn  mn  “ks  ^'sjklmn  mn  “is 

+  C  ,  ,a('V2)  ^  (2)11) 

SJtl  is  Kt  Sjtl  is  Kt 

sjtl  is  ''kt  sjtlmn  mn  is  °kt  ^  ^ 

,(n) 


ijkl 


+  r  .(3)  (1)  (1) 

+  C,  ,  a  a  a 

ijklmnpqrs  mn  pq  rs 


(12) 


Equations  (10)  are  similar  to  those  of  classical 
elasticity  except  for  the  extra  terms  associated  with 
temperature  change,  Q.  In  equation  (10b),  terms  0^  or 
higher  powers  are  dropped.  Examination  of  relations  in 

(11)  reveals  that  has  the  same  symmetry  as 

Furthermore,  the  only  temperature  derivatives  of  elastic 

,(1)  =(2) 

■'ijkl'  ijkl 

~(3)  (1) 

C:  ,,  ,  .  C,,,  ,  is  the  first  temperature  derivative  of 

ijkl  ijkl 

C,  ,,  ,,  while  and  are  respectively  called  the 

ijkl  ijkl  ijkl 

effective  second  and  third  temperature  derivatives  of 
^Ijkl*  These  are  the  temperature  derivatives  which 
values  are  to  be  determined  from  the  experimental  data 
on  the  frequency-temperature  behavior  of  thickness 
vibrations  of  various  doubly  rotated  quartz  crystal 
plates.  For  problems  of  small  vibrations  superposed  on 


Terms  containing  0  or  higher  powers  are  dropped.  G 
has  the  major  symmetry, 

®ljkl  ®klij 

but  not  the  minor  symmetry 
p(n)  ^  p(n)  (n) 

®ijkl  *  ®jikl  *  ®ijlk 

For  thickness  vibrations  of  infinite  plates,  the 
boundary  conditions  are  at  the  traction  free  major 
surfaces  are: 

Pi  "  njCfjkluk,!  “  0  at  njxj  -  ±  b  (14) 

where  xj  refers  to  the  crystallographlcal  axes  of  quartz 
and  nj  is  the  unit  outward  normal  to  the  faces  of  the 
plate.  A  doubly  rotated  quartz  plate  defined  by 
(y.x»“»l)  ♦i  0^  would  have  the  following  components  for 


nj: 

ni  “  -CosGSlni^,  n2  ■  CosGCosi^,  nj  ”  Sin0 


(15) 


Fig.  2  shows  the  orientation  of  a  doubly  rotated  plate 
and  the  normal,  nj. 


The  assumed  harmonic  solution  for  antisymmetric 
thickness-vibrations : 

“k  “  AjjSlnSnpXpe^''^ 

will  satisfy  (13a)  and  (14)  if  and  only  if 


(16) 


166 


(Qlk  -  ^®ik)'^k  "  ° 

(17a) 

,<a.  .  ,<o>,u,^o> 

^i  ‘^Ik  \ 

(21b) 

where  Qik  -  Qki  -  Gijkinjni 

2 

(17b) 

,(3,  . 

t-  ->a(2) 

'  \  ('^Ik  ^  '^ik^^ 

,  w  ,2bw,2 

^  ■  9  7  ”  P( 

HIT 

n  -  1,2,3,..  (17c) 

(21c) 

In  order  to  obtain  analytical  relations  from  which 

and  can  be  calculated  from  known 

ijkl  Ijkl  ijkl 

material  properties,  the  Rayleigh-Schrodinger 
perturbation  method  is  employed®.  The  amplitude  and 
eigenvalue  are  assumed  to  be  polynomial  functions  of 
temperature  change,  0: 


In  equations  (21),  ^are  considered  as  measured  or 
known  quantities,  since  they  can  be  related  to 
Bechmann's  definition  of  temperature  coefficient  of 
temperature : 

,(1)  . 


0  + 


0" 


Oi-  x(2), 


0^  +  X 


0^ 


(18a) 

(18b) 


(22a) 

(22b) 

(22c) 


By  inserting  (18)  into  (17a)  and  equating  coefficients 
of  like  powers  of  0,  yields: 


<'■ 


ik  n 


(Q 


ik 

(0)  ,(0) 

ik  ■ 


"ik 


,  ,„(2)  ,(2)  (0)  _ 

^  ^^ik  ■  ^Ik^^c  -  ° 


(Q 


(0)  ,(0), 


,(3) 


ik 


“ikK  " 


(1)  .(1) 

Ik  ^ 


(2) 


+  (q^2)_  ,(2)^ 


ik 


)A,.  +  (Qik  ^  - 


where  C,  ,  n  .n, 

lit  ijkl  j  1 


and  Q 


(n) 

ik 


G^"^,n.n, 
ijkl  j  1 


1.  2,  3 


(19a) 

(19b) 

(19c) 

0  (19d) 

(19e) 


,(2)  ,  2X<°^f^2)^  x(‘'>(Tf^'))2 

,(3)  .  2X<°)Tf(^^  +  2X^°>Tf^'>Tf^2) 

^  3re  the  temperature  coefficients  measured  from  the 
frequency— temperature  behavior  of  thickness  vibrations 
of  doubly  rotated  quartz  crystal  plates. 

Temperature  Derivatives  of  Elastic  Stiffnesses  of  Quartz 

The  quantities  of  in  equations  (21)  can  be 

expanded  using  definitions  (19e)  and  (13c).  Doing  so, 
equations  (21)  are  rearranged  so  as  to  have  the  unknown 
temperature  derivatives  on  the  left  hand  side: 


(23a) 


The  zeroth  order  equation  (19a)  can  be  used  to  sol/e  for 
X^^^  and  uniquely  by  requiring  normalization 

^ 

From  the  dot  product  of  (18a), 


where  terms  containing  0  or  higher  powers  are  dropped, 
we  see  that  the  extra  conditions  for  normalization  of 


(23b) 


-1/2 


(20b) 

(20c) 


and 

The  constraint  (20b)  is  used  along  with  any  two 

independent  relations  of  (19b)  to  determine  a5  ^ 

(2) 

uniquely.  Similarly  A^  is  uniquely  determined  from 
two  Independent  relations  of  (19c)  and  constraint  (20c). 

Multiplication  of  (19b)  to  (19d)  by  respec¬ 

tively,  and  using  (19a),  (20a),  (20b)  and  (20c)  leads  to 


“  4x(°)Tf(2^  2X<°>(Tf^^^2 

-  +  2C,.^,42) 

.  ,  -  (1),  (1) 

ijsl  ijslmn°'mn  ^\s 

^  Sjtl^is  “kt  >  "j Vi  \ 

^!]kl"jVS°^4°^  “  12x(°>Tf(^>  9-  2x(°^Tf(^^ 

- 

-  ^l^ijklmn^^^  ^'^ijsl^^  C^jslmn“ii'>4;' 

^  ^ijslmn“in^)4i^  "  ^‘^s jtl^SiMJ^ 

^  ‘'sjtlmn“ii^)“i;^<4J^l"j"/i°^^°^  (230 

The  left  hand  side  of  (23)  can  be  further  expanded  in 
terms  of  the  six  independent  components  referred  to  the 
crystallographic  axis,  since  quartz  is  a  trigonal 
crystal : 

c(^^x  +  +  c(^^x  +  c(^>x  +  c(^>x 

66  -1  22  -2  ^44  -3  ^14  *^13  -5 


(24a) 


.(1)  .  .(0)o(l).(0) 

X  -  A^ 


(2U) 


:(3),  .  ;(3)  -(3)  ^  '(3)  ^  -(3) 

^66  ^1  -22  ^2  -J  ^^14  ^4  '^13 


(24b) 
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+  (24c) 

where  and  y^^^  are  the  respective  right  hand 

expressions  of  equations  (23)  and, 

,  .  2  ,.(0)  (0)  .(0)2^2 

Xj^  A  -  2A^  Aj  +  A^  n^ 

(0)2  2  ,.(0).(0)  ,/0)  2 

x^  »  A^  ”  2Aj^  A2  Oj^n^  +  2A2  n^ 

(0)2  (0)  (0)  (O'  (0) 

Xj  *  2(A^  ^  ^  ^  ^^1  ^3  ''1^2 

-  a(°)2  A(0)i(0)n2  ,(0).(0)  2 

^2  “2  3  ^  ^2  ^3  ”1  ^2  ^3  2^ 

(0)2  2  „  (0)  (0)2  2  ,  (0)  (0) 

X.  *  A.  2A,  fi,  ri-i  +  ■*■  2A^  A^  ^0^0 

-4  1  3  113  2  3  2323 

x^  -  2(A^°^A^°^n^nj  +  A^^^A^^^n^n^) 

Xg  =  A^°^^n3  (25) 

Measured  values  of  temperature  coefficients  of  frequency 

Tf^''^  for  various  doubly  rotated  cuts  by  Bechmann, 

2 

Ballato  and  Lukasaek  ,  thermal  expansion  coefficients 

and  second  order  elastic  stiffnesses  C.  .,  ,  of 
ij  ijkl 

2 

Bechmann,  Ballato  and  Lukaszek  ,  and  third  order  elastic 

9 

stiffnesses  C,  .,  ,  of  Thurston,  McSkimin  and  Andreatch 
ijkVmn 

are  used  to  compute  values  of 

x^are  calculated  according  to  (25) • 

He  employ  the  following  algorithm  to  find  a  reduced 
dataset  from  which  we  calculate  temperature  derivatives: 

1)  Obtain  the  least  squares  estimate  of  and  their 

standard  errors  from  a  given  data  set, 

2)  Construct  a  99 .9%  confidence  interval. 

3)  Reject  data  outside  the  interval. 

4)  Obtain  a  subset  of  data. 

5)  Go  back  to  step  1. 

We  begin  the  calculation  with  117  data  points  given  in 
Table  V  of  Ref.  2,  and  after  five  repeated  calculations, 
the  number  of  data  points  is  reduced  to  28.  These  28 
data  points  are  listed  in  Table  2.  In  the  last  column 
of  the  table,  a  value  of  1.0  is  assigned  as  the  weight 
for  observations  from  the  well  know  cuts  like  the  AT,  X, 
Y  and  IT,  and  a  value  of  0.5  for  the  rest  of  the 
observations.  Least  squares  estimated  values  of 


purposes  of  comparison,  we  report  the  values  of 

,  in  Tables  4,  5,  and  6.  Based  on  our  values 
ijkl  ijkl 

III  ~(2)  *3 

of  C'  ^ and  C  ,  the  first,  second  and  third 
pq  pq  pq 

temperature  coefficients  of  frequency  for  Che  thickness 
vibrations  of  various  doubly  rotated  cuts  are  predicted 
and  compared  with  observed  values2  in  Table  7.  Fig.  3 
gives  the  frequency-temperature  curves  for  various 
angles  of  AT-cut.  The  dotted  line  is  given  by 
Bechmannl-0.  Fig.  4  shows  the  presently  calculated  T^ax 
and  T^ini  nnd  the  observed  values  versus  the  orientation 
angle  0  for  the  AT-cut  in  the  range  0  "  35°  to  40°. 

Also  exhibited  is  the  calculated  Inflection  temperature 
Tj^  defined  by 

Ti  -  To  -  Tf (2)/3Tf (3) . 

It  may  be  seen  from  Table  7  and  figs.  3  and  4  that  Che 
results  of  our  present  calculation  are  either  comparable 
or  slightly  better  chan  those  in  Ref.  2. 

Incremental  Two-Dimensional  Equations  of  Motion  for 
Small  Amplitude  Waves  Superposed  on  Homogenous  Thermal 

Strain 

Given  in  Fig.  5  is  a  crystal  plate  with  its 
coordinates  and  dimensions  which  will  be  used  in  the 
subsequent  discussions.  The  variational  incremental 
potential  and  kinetic  energy  of  a  crystal  at  the  final 
state  are: 

6V  ”  ft.  .5e.  dv  (26a) 

V  ij  ij 


Jv  -L.  p6(u^(i^)dv 


where  dv  is  the  differencial  volume  referred  to  the 
natural  frame  of  reference.  By  Hamilton's  principle: 


t,  t 

(K-V)  dt  +  /j.'-  5Wdt  •  0 


where  6W  »  /^p^iu^dS  is  the  variational  incremental  work 

done.  Substitution  of  (26b)  into  the  kinetic  energy 
term  of  (27)  and  Integration  by  parts,  yields: 

t  t  t 

6j^  Kdt  -  P“i'5uJ|,  dv  -  dt  ou^Su^dv 

o  00 

t 

«  -  dt  pUj^Su^dV  (28) 

o 

since  6u.  vanishes  at  t  and  t,.  The  strain- 
1  o  i 

displacement  relation  (10a)  is  put  into  (26a)  and  the 
result  into  Che  potential  energy  term  of  (27)  which 
gives,  after  some  rearrangement, 
t,  t 

6J  Vdt  •  /  dt  /  (c,  .  +  a  t  )6u  .dv 

■'v  ij  ik  kj'  i,j 

which  Is  equivalent  to 


r^2)  ;(2)  '(3)  :(3) 

ijkl  pq  ijkl  pq  ijkl  pq 

are  tabulated  In  Table  3  along  with  their  standard 
error. 

In  the  Incremental  stress-straln-temperacure 
relations  (10b),  we  observe  that  (n”l,2,3) 

have  similar  significance  to  Che  temperature 

coefficients  of  elastic  stiffnesses,  ,  used  In 

ijkl 

Ref.  2.  These  coefficients  are  not  equivalent,  for  they 
are  defined  in  two  different  formulations,  but  for 


Vdt  -  dt  /^{[(t  +  aj^t 


ik’^kj^'^^i^  ’  j 


■  ^  “lk'kj),j^“l> 

By  applying  the  divergence  theorem  on  the  first  term  In 
Che  integrand  of  the  right  hand  side  to  transform  It 
into  a  surface  integral,  we  obtain  Che  desired 
expression  for  the  potential  energy, 

6/  '  Vdt  -  ;  '  dt  {/,nj(t^^  4.  a®^t^j)5u^ds 
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-  /  (t,  .  -t-  a,,  t,  ,)  .5u,dv}  (29) 

•'  V  ij  ik.  kj  ,  j  1 

A  useful  variational  equation  is  obtained  when  (28)  and 
(29)  are  substituted  into  (27): 

dt{;v[(t.  -  pu.]  6u^dv 

For  ease  and  clarity  of  writing,  we  introduce  the 
definition, 

,  0  _ 


Is  the  nth  order  incremental  strain-displacement- 
taaperature  relation.  The  nth  order  Incremental 
stress-strain-temperature  relation  is  derived  by 
substituting  (37a)  into  (10b)  and  employing  the  results 
into  (35a)  to  give 

t^“^  -  “  D.  A  e[“^  (38a) 

ij  m  ijkl  mn  kl 

fll  (2)  2 

where  D,  ,,  ,  -  C,  ,  +  D)  /,  •  G  +  D)  / ,  •  0 
ijkl  ijkl  ijkl  ijkl 


where  is  a  Kronecker  delta.  Then,  (30)  can  be 

rewritten  as 


o 

^  'Vpi  ■  "j^ik^kj^ 

This  is  Che  variational  incremental  stress-temperature 
equation  of  motion,  which  closely  resembles  the 
variational  stress  equations  of  motion  for  classical 

elasticity,  except  for  expansion  coefficients  a®. 

11 

Following  Mindlin's  procedure,  we  convert  Che 
incremental  three-dimensional  equations  to  an  infinite 
secies  of  two-dimensional  equations  by  expanding  the 
displacement  in  an  infinite  series  of  powers  of  the 
thickness  coordinate  of  Che  plate  and  integrating 
through  Che  thickness.  Thus,  we  let 


u^Cx^  *^2  *^3 


?  ri  (n), 
n*0  ^2^1 


Inserting  (33)  into  the  first  integrand  of  (32)  and 
integrating  through  the  thickness  yields 

U  n^^ik  kj,j  "*^ik  k2  ®lk^k 

-  pr  A  :;^“^)  £u^"^dA  =  0 
m  mn  1  i 


,  (n) 

where  C,  . 


fO  n 

j  ,  t,  .x.dx.  is  the  nth  order 
^-b  kj  2  2 

incremental  stress, 


^^2^k2^-b  order  incremental 


2  b 

m+n+1 


face  traction 


when  (m  +  n)  is  even 


when  (m  +  n)  is  odd 


The  second  integrand  of  (32)  will  yelld  the  necessary 
boundary  conditions  for  Che  two  dimensional  equations. 

If  Che  nth  order  incremental  surface  traction  is  defined 
as 

P^"^(iCl,X3,t)  =  p^(x^  ,X2  ,Xj  ,t)x2dx2  (39) 

then  employing  (39)  ,  (35a)  and  (33)  in  the  second 
integrand  of  (32)  will  yield  Che  necessary  boundary 
conditions,  namely, 

specify  n.S,,  tf''^  or  u^''^  on  C  (40) 

1  J  ik  kj  1 


where  C  is  Che  edge  of  Che  place.  Equations  (36),  (37a), 
(37b)  and  (38a)  are  respectively  very  similar  to 
equations  3.0211,  3.036,  3.035  and  3.043  of  Ref.  11. 

The  dissimilarity  arises  from  the  tern; erature _ef f ects . 

Thickness  Vibration  of  SC-Cut  Plates  With  One  Pair  of 
Free  Edges 

The  SC-cut  has  criclinic  symmetry  and  as  such  the 
three  components  of  thickness  vibrations,  namely  the 
slow  shear,  fast  shear  and  thickness  stretch,  are 
coupled.  The  thickness  shear  modes  ace  always  coupled 
to  flexure  through  the  same  elastic  stiffness. 

Consequently,  four  displacement  components, 

u^^^^  and  Uj^\  are  needed  to  capture  its  frequency- 

temperature  characteristics  in  a  finite  plate.  Fig.  6 
shows  the  motion  of  each  of  the  four  components. 

The  infinite  series  of  two-dimensional  plate 
equations  are  truncated  by  retaining  terms  of  order  zero 
and  one  only,  that  is,  setting 

u^"^  ■  0  for  n  >  1 

— .w  _  n  «  \  1 


The  differencial  area  of  the  major  surface  of  Che  plate 

is  dA.  Since  the  coefficients  of  6u^''^  must  vanish 

separately,  we  have  Che  incremental  stress-temperature 
equations  of  motion  of  order  n  given  by 


^k4?i  -  .  p"  A  (36) 

ik.  ^j»J  ik  k2  ik  k.  m  mn  i  ^  ' 

Substicution  of  (33)  into  (lOa),  and  rearranging  and 
using  definition  (31),  yields: 

"ij  ■  I  (37a) 

where  '  1/2(6, 


and  t^^  ”0  for  n  >  1 

The  resulting  equations  of  motion  from  (36)  are 

-  “..-S’  -  ^  ““1" 

where  the  incremental  face  tractions,  Are  zero 

since  the  major  surfaces  of  the  plate  are  free.  From  the 
definition  (31)  we  observe  that  Sik  is  a  predominantly 

diagonal  tensor  because  the  magnitude  of  a®  for  quartz 

is  10  .  Therefore,  Che  off-diagonal  terms  can  be 

neglected  without  loss  of  accuracy: 


0  for  1  s  j 


and  -  6^  -  1  + 


1  -  1,2,3 
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Components  neglected,  and  we  are  left 

with  four  branches  plate 

is  assumed  to  vibrate  as  a  strip  and,  consequently,  we 
8(-) 


set 


3x, 


0.  With  these  simplifications,  the 


equations  of  motion,  (41a)  and  (41b),  becomes: 

.  (0)  "(0) 

'^2^12,1  ’  ^bpuj 

a  _  a  .(0)  =  _2^  "(1) 

^1  11,1  ^1  12  3  *^1 

a  -  a  =  2b^  "(1) 

®2  12,1  ®2  22  3  2 

3 


^3^3,1  ®3"23 


3  P^3 


(0) 

- 

11 

®33  13 

(0) 

72 

= 

V2^' 

(0) 

'23 

m 

,/no 

1/20^U2 

(0) 

12 

= 

(0) 

1/2(^2'^2,1 

(1) 

-  e^^^ 

'22 

®33  23 

(1) 

11 

= 

^i4!J 

(1) 

13 

1/283U;;; 

(1) 

12 

> 

^56^;!"  S°55'^5!i 


)  (45) 


where  »  t2/12  is  the  usual  shear  correction  factor 
for  thickness  vlbratlons^^ •  Substitutl  if  (45)  into 
(43)  gives  the  displacement-temperature  auations  of 
motion. 


WieAA  ®i«3°i5“S!u 


3k 


(W664°A  W26'^ 


(1) 

2 


(43) 


Only  the  zeroth  and  first  order  strains  remain  which  can 
be  written  as  follows: 


^iVlb^uil^  ®2S3°564;u 

-  A  (S2D26u5°J+  S^82D26uJ^V  82D22U^^^ 

D 


82 ^3^^ 24 “3  ^ 


^l^S^lS^l,!!"^  6283^56 “2, il"^  ®3  °55‘^Li1 

-  -jf  ^WasAA  WzaA^ 


(46) 


(44) 


Equations  (44)  are  put  into  the  zeroth  and  first  order 
stress-strain-temperature  relations  of  (38)  to  yield  the 
stress-displacement- temperature  relations , 

AA  V26“2'^^  e3°46“S'^> 

^22^’  2bk^32D26U^°J+  ^2^22^^^  ®3°24“3^^> 

2‘>lc'(32“46“2!!^  ^°46“P^^  ®2°24"r^^  e3°44“S'^) 

.^ran  +  r  n  +  r  n 

11  3  ^®1°11  1,1  ®2°16  2,1  ®3°15  3,1^ 

(1)^  (1)  +  a  n 

12  3  ^®1°16  1,1  ®2°66  2,1  ®3°56  3,1^ 


In  order  to  have  even  shear  across  the  surface  of 

the  plate,  we  let  be  symmetric  and 

antisymmetric  by  setting: 

(0)  .  t  -.  .  iwt 

u^  ”  A^b  Sin  CXj^e 

(!•)  .  r.  r 

u^  «  A2  Cos  EXj^e 

(1)  .  _  ,  iwt 

U2  “  Aj  Cos  CXj^e 

(1)  ,  „  ,.  iwt 

Uj  =  A^  Cos  Cx^e  (47) 

Equations  (47)  are  employed  in  (46)  to  yield  the 
dispersion  matrix  (48)  given  in  Table  8. 

Four  wave  numbers  are  obtained  by  solving  the 

the  polynomial  from  the  determinant  of  the  dispersion 
matrix.  Fig.  7  shows  the  dispersion  relation  for  an  SC 
cut  plate.  The  rank  of  (48)  is  three,  hence  three 
amplitude  ratios  can  be  determined  for  each  wave  number, 
namely, 

“iq  " 

“2q  ■  ^q/^q 


%  ■  *4q^^q 


(49) 


The  boundary  conditions  at  the  free  edges,  according 
to  (40),  are 


6  t^°^ 
®2  12 


8  t^^^ 

^I'll 


3  t^l> 

®2  12 


6  t^^> 


(50) 


'‘^^®^664!i1  ^  3iB2D^gu[|J+  4‘^264''A  ®2V46“3!i> 

"(0) 

”  0U2 


where  the  stress-displacement-temperature  relations  for 
the  above  stresses  are  given  in  (45).  Substitution  of 
(47)  and  (49)  into  (50)  gives  the  frequency  matrix: 
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|^®^66V  ^l®2°66“lq^  ®2°26“2q^  ®2  ° 

■♦  2  -  -  -  - 

2(8, D,,  5  2,  +  3,B-D,.C  +  S,6-D,,C  a,  )SlnC  rA,  =  0 

q'  1  11  q  Iq  12  16  q  2q  1  J  15  q  3q  q  Iq 

*♦  _  2  -  -  - 

2(8,  6-D,,5  a,  +  8.D,,C  ct.  +  8t8,D,,C  cu  )SinC  rA,  =■  0 

q'  1  2  16  q  Iq  2  66  q  2q  2  3  56  q^q  q  Iq 

■*  _  _2-- 

2(8,  B,D,.C  a,  +  B,3^D.,.C  a.  +  6,D-,5  a.  )SlnC  rA,  =  0 

q'  1  3  l3  q  Iq  2  3  36  q  2q  3  d5  q  5q  q  Iq 


where  r  is  the  ratio  a/b.  The  resonant  frequency  of  a 
finite  free-free  plate  is  the  frequency  that  satisfies 
both  the  frequency  matrix  and  dispersion  matrix.  A 
simple  algorithm  for  finding  the  resonant  frequency  at  a 
certain  temperature  T  would  be  as  follows: 


a)  Calculate  the  temperature  dependent  material 
properties,  Dpq  and  6i, 


D  "  C  +D 

pq  pq  pq 


(1).  3^  d(2).  92  +  0^3).  g3 


p,q  =  1 ,2, . .  .6 


3=1  +  5  +  0^  i  =  1,2,3  (52) 

1  11  11  11 

where  9  =  T  -  Tq 

b)  Pick  a  frequency  .1  and  find  the  wave  numbers  and 
amplitude  ratios  from  the  dispersion  matrix  (48) 

c)  Check  if  the  wave  numbers  and  amplitude  ratios  from 
part  (b)  satisfy  the  frequency  matrix  (51) 

d)  Iterate  to  part  (b)  until  the  frequency  w  satisfies 
the  dispersion  matrix  (48)  and  frequency  matrix  (51) 
within  a  predefined  error  limit. 

The  rank  of  the  frequency  matrix  is  three,  hence 
three  ratios  of  the  amplitudes  can  be  uniquely 
determined , 

02  -  A12/A11 

03  -  Ay  '  .11 

014  “  Aj^q/Aij^  (53) 

There  remains  only  one  unknown  Aj^^.  If  we  define 
oi  “  A^i/An  =  1,  the  assumed  displacement  functions 
(47)  now  becomes 


2A,  ,  o  bSinq  x,  e 
^  11  q  q  1 


ZA,  ,  Cl  a.  Cos^  X,  e 
IL  q  Iq  q  1 

q 


lA,  ,  a  CoS'C  x,  e 
11  q  2q  q  1 
q 


«  ZA  1  Cos';  X  e  (54) 

3  ^  11  q  3q  q  1 

Equations  (54)  are  used  to  calculate  the  mode  shapes  of 
a  particular  resonant  frequency.  Fig.  8  shows  the 
frequency  spectrum  of  an  SC  cut  plate  for  a/b  •  17  to  23 
and  ..  ”  0.91  to  1.09.  The  symbols  in  tl.e  figure,  TT-n, 
TS-n  and  F-n,  denote  thickness-twist,  thickness  shear 
and  flexure  with  n  number  of  half  waves.  At  a/b  =  19.8 
and  4  =  0.94333,  the  frequency  spectrum  gives  TS-1  which 
la  the  funiomental  f’lckness  shear  mode.  Fig.  9  shows 
the  mode  shapes  of  the  four  displacement  components  at 
TS~1.  The  four  coaponents  are  seen  to  be  coupled. 


The  algorithm  given  in  (52)  can  be  used  to 
calculate  the  frequency  £1  of  a  mode  of  vibration  at  any 
temperature.  We  consider  the  frequency-temperature  of 
the  fundamental  thickness  shear  mode  (TS-1)  of  the 
SC-cut  plate.  If  the  reference  frequency  is  taken  at 
25°C,  we  can  define  the  frequency-temperature  curve  with 
reference  to  this  frequency  as: 

f(T)  -  f(To  -  25°C)  .  (55) 

fTT7^25’’C)  fo 

The  thickness  shear  mode  exhibits  different 
frequency-temperature  curve  when  the  a/b  ratio  is 
varied.  As  observed  from  Fig.  10,  the  curves  for 
increasing  a/b  ratios  move  towards  the  infinite  plate 
Curve,  though  not  quite  approaching  it.  The  infinite 
plate  curve  was  calculated  using  equations  (17).  The 
same  curve  would  be  obtained  if  we  let  »  0  in  the 
dispersion  relations  matrix  (48)  and  calculate  the 
frequency-temperature  behavior  of  the  cut-off  frequency 
of  the  thickness  shear  mode.  This  would  represent  the 
behavior  of  an  infinite  strip  which  is  the  same  as  an 
infinite  plate.  For  plate  vibrations  with  a/b  less  than 
50,  the  finite  plate  theory  would  give  a  better 
prediction  than  the  infinite  plate  solution. 

When  the  ratio  a/b  is  fixed,  Che 
frequency-temperature  characteristics  are  dependent  on 
the  angles  of  cut:  $  and  9.  Fig.  11  investigates  the 
changes  in  the  frequency-temperature  curves  at  a/b  = 
19.8,  <))  =  21.9°  and  various  0.  The  infinite  plate 
solution  for  $  =  21.9°  and  0  »  33.9°  is  also  shown  in 
the  figure.  Fig.  12  gives  similar  curves  for  a/b  = 

19.8,  0  »  33.9°  and  various  $  angles.  The  optimum  curve 
from  Fig.  11  is  *  =  21.9°  and  0  =  33.8°;  from  Fig.  12, 

<p  =  10.8°  and  0  -  33.9°. 
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Abstract 


In  order  to  calculate  the  dependence  of  the  actual 
orientation  of  the  zero-temperature  electroded,  con¬ 
toured  SC-cut  quartz  resonator  on  the  radius  of  the 
contour,  the  actual  orientation  of  the  zero- temperature 
unelectroded  flat  SC-cut  quartz  plate  vibrating  in  the 
pure  thickness-mode  of  interest  must  be  knotm.  How¬ 
ever,  on  account  of  small  inaccuracies  in  the  measured 
temperature  derivatives  of  the  elastic  constants  of 
quartz,  only  the  nominal  c;  and  9  angles  of  zero- 
temperature  cuts  of  the  unelectroded  flat  quartz  plates 
vibrating  in  pure  thickness-modes  can  be  calculated. 

In  recent  work  on  contoured  AT-cut  quartz  resonators  a 
6'  correction  to  the  nominal  0  angle  was  obtained. 

Since  the  9  angle  of  the  SC-cut  is  very  near  the  6  angle 
of  the  AT-cut,  the  6'  correction  can  be  taken  to  hold 
for  the  SC-cut  also.  In  this  work  the  corresponding 
correction  to  the  nominal  to  angle  is  obtained  from 
measurements  on  zero-temperature  electroded,  contoured 
SC-cut  quartz  resonators  at  25°C.  With  this  correction 
to  the  nominal  cp  angle,  the  dependence  of  the  actual 
orientation  of  the  zero-temperature  electroded,  con¬ 
toured  SC-cut  quartz  resonator  on  the  radius  of  the 
contour  at  25  C  is  calculated  for  the  fundamental  and 
third  and  fifth  harmonics. 

1.  Introduction 


As  a  result  of  small  inaccuracies  in  the  measured 
temperature  derivatives  of  the  elastic  constants  of 
quartz' ,  only  the  nominal  w  and  S  angles  of  zero- 
temperature  cut  quartz  resonators  can  be  calculated. 

In  recent  work''  on  contoured  AT-cut  quartz  resonators 
a  6'  correction  to  the  nominal  9  angle  was  obtained 
using  some  old  data  of  Bechmann^  and  recent  data  of 
Lukaszek*.  Furthermore,  the  change  in  angle  of  the 
zero-temperature  contoured  AT-cut  quartz  resonator  was 
calculated  as  a  function  of  the  radius  of  the  contour 
and  shown^  to  be  in  exceptionally  fine  agreement  with 
Tyler  s  known  measured  design  curve^  when  the  6'  cor¬ 
rection  is  employed.  Since  the  6  angle  of  the  SC-cut 
is  very  near  the  9  angle  of  the  AT-cut,  the  6'  correc¬ 
tion  can  be  taken  to  hold  for  the  SC-cut  also. 

In  this  work  the  corresponding  correction  to  the 
nominal  o  angle  is  obtained  from  measurements  by 
Warner'  on  the  third  overtone  of  a  contoured  SC-cut 
quartz  resonator  at  25°C.  The  correction  to  the  cp- 
angle  turns  out  to  be  48.3'.  With  these  corrections 
to  the  nominal  c;  and  6  angles,  the  actual  orientation 
of  the  zero-temperature  contoured  SC-cut  quartz  reson¬ 
ator  is  calculated  as  a  function  of  the  radius  of  the 
contour  at  25^C  for  the  first,  third  and  fifth 
harmonics . 

The  formalism  used  in  earlier  calculations  of  this 
nature'  •  ’  is,  of  course,  used  here  also.  The  formalism 
consists  of  finding  the  equivalent  trapped  energy 
mode"'  •  for  the  harmonics  of  the  contoured  SC-cut 
quartz  resonator',  which  is  then  substituted  in  the 
equation  for  the  perturbation  in  eigen frequency  due  to  a 
bias"’,  along  with  the  temperature  induced  biasing 
deformation  field,  the  first  temperature  derivatives 
of  the  fundamental  elastic  constants  of  quartz^®  and 
the  temperature  derivative  of  the  effective  piezoelec¬ 
tric  constant  for  the  thickness  mode  of  Interest  in 
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SC-cut  quartz’,  to  obtain  the  change  in  frequency  with 
temperature  for  a  given  orientation  of  a  given  contoured 
resonator.  A  numerical  search  is  then  made  to  find 
those  orientations  for  which  the  calculated  change  in 
frequency  vanishes  as  a  function  of  the  radius  of  the 
contour.  Results  have  been  obtained  for  the  funda¬ 
mental  and  third  and  fifth  harmonic,  which  we  believe 
to  be  quite  accurate  in  view  of  the  accuracy  of  the 
earlier  work^  . 


2.  Perturbation  Equations 

The  equation  for  the  perturbation  in  eigenfre- 
quency-  mentioned  in  the  Introduction  may  be  written  in 
the  form 


A=H/2a)  ,ii:=a)-A  , 

u  u  u  u  u 


(2.1) 


where  and  lu  are  the  unperturbed  and  perturbed  eigen- 
frequencies.  respectively,  and 


(2.2) 


and  V  is  the  undeformed  volume  of  the  piezoelectric 
plate  at  the  reference  temperature  Tg  .  In  (2.2)  ^ 
and  denote  the  normalized  mechanical  displacement 
vector  and  electric  potential,  respectively,  of  Che 
pth  eigensolution,  and  are  defined  by 

(2.3) 


where  ul^  and  qf*  are  the  mechanical  displacement  and 
electric  potential,  respectively,  which  satisfy  the 
equations  of  linear  piezoelectricity 

\y  "  2I-YMq'“!z,m'^®MLY^,M' 


\  ®LMy“y,M  ■  ®LM^,M  ’ 

(2.4) 

'S.Y,L='’\’  ‘®l,l=°’ 

(2.5) 

subject  to  the  appropriate  boundary  conditions.  The 
quantities  Emlv  ^nd  denote  the  second-order 

elastic,  piezoelectric  and  dielectric  constants, 
respectively,  and  p  denotes  the  mass  density.  Equa¬ 
tions  (2.4)  are  the  linear  piezoelectric  constitutive 
relations  and  (2.5)  are  the  stress  equations  of  motion 
and  charge  equation  of  electrostatics,  respectively. 
The  upper  cycle  notation  for  many  dynamic  variables 
and  the  capital  Latin  and  lower  case  Greek  index  nota¬ 
tion  is  being  employed  for  consistency  with  Ref. 9  as 
is  the  remainder  of  the  notation  in  this  section.  The 
variables  KJy  and  in  (2.2)  denote  the  portion  of 
the  Piola-Kirchhoff  stress  tensor  and  reference  elec¬ 
tric  displacement  vector,  respectively,  resulting  from 
the  biasing  state  and  a  change  in  the  fundamental^ 
material  constants  in  the  presence  of  the  and  fj, 
and  are  given  by 
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(3.4) 


^ ^YMa ^^YMc^ ®a, M ^ ^®t€. Y^ ^!m  ' 

^^My'*"  ^®L>rY^®Y,M  ' 

where  C|_YHa)  ®mi.y»  ®i-m  effective  constants  that 

depend  on  the  biasing  state®  and  A^lymcj  ^e^Y 
denote  small  changes  in  the  fundamental  elastic,  piezo¬ 
electric  and  dielectric  constants,  respectively,  due  to 
a  change  in  temperature. 

When  nonlinearities  due  to  biasing  deformation 
only  are  included,  we  have 

®LM  "  \mCD^CD  ■  ^®o\m  ■ 

\ky  "  ■  iLmybc^bc  ®lmk”y,k  ’ 

c  =T^6+c  E^+c  w 

LyMo  LM  VO  3LYMqAB  AB  ^YKM  o,K 

*  ^KMo''y,K  ’ 

where  for  a  thermoelastic  biasing  state  and  relatively 
small  changes  in  temperature  T  from  the  reference 
temperature  Tq  , 

^i-mkn^kn  *  ■  '^o^  ’ 

4=i^XN^"N,K>  ^  <2.8) 

CLY"a«sj  l>LMco  and  k^„YBo  denote  the  third-order 
elastic  constants,  the  electrostrictive  constants  and 
the  first-order  electroelastic  constants,  respectively, 
6(3  denotes  the  permeability  of  free-space,  w^  denotes 
the  static  biasing  displacement  field,  and  v^m  denotes 
the  thermoelastic  coupling  coefficients.  Thus,  in  this 
description  the  present  position  ^  is  related  to  the 
reference  position  X  by 

y(\.t)=X  +  w(Xj^)  +  u(X^,t)  .  (2.9) 


''ml  ~  ImLJK^JK  ' 
from  (2.8)i,  (3.3)  and  (3.4),  we  have 

throu^out  the  plate. 

Now,  the  homogeneous  strain  state  is  given  by 
(3.5)  and  the  static  homogeneous  (global)  infinitesimal 
rigid  rotation  is  arbitrary^^ .  In  fact,  the  change  In 
frequency  due  to  a  homogeneous  infinitesimal  rigid 
rotation  has  been  shown  to  vanish’^®.  Consequently,  we 
may  select  the  homogeneous  infinitesimal  rigid  rotation 
to  take  any  value  that  is  convenient  and  in  particular 
to  vanish,  and  we  have 

4  =  =  <2.6) 

which  with  (2.8)3  (3.5)  yields 

''J,K=“JK<''-V-  <2-2) 

The  substitution  of  (3.5),  (3.7)  and  (3.3)  in  (2.7)3 
yields  Cj^ymc  ^  known  linear  function  of  (T-Tq) 
throu^out  the  plate. 

4.  Eigenmodes  in  Contoured  Resonators  and  the 
Equivalent  Trapped  Energy  Mode 

It  has  been  shown®  that  the  eigensolutlons  for 
contoured  SC-cut  quartz  resonators,  referred  to  coordi¬ 
nate  axes  obtained  from  the  eigenvector  triad  of  the 
pure  thickness  solution  for  the  SC -cut,  can  be  written 
in  the  form 

nrfiC,  ioi)  t 

u,  =  sin  -  u  e  ,  (4.1) 

Inmp  2h  nmp 

where  the  X^-axis  is  shown  in  Fig.l  and  Uj  is  in  the 
direction  of  the  thickness  eigendlsplacement  of 
interest®  and  „  , 


3.  Temperature  Induced  Biasing  State 

A  cross-section  of  the  contoured  plate  along  with 
the  associated  coordinate  system  is  shown  in  Fig.l. 
Since  it  has  been  shown®  that  the  change  in  frequency 
resulting  from  the  thermal  stresses  caused  by  the 
presence  of  the  electrodes  is  two  or  s  of  magnitude 
smaller  than  the  total  change,  the  .sence  of  the 
electrodes  is  ignored  in  the  determination  of  the  bias¬ 
ing  deformation  state.  Consequently,  we  have  the 
ordinary  stress  equations  of  equilibrium 
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and  along  with  Uj  we  have 
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where  for  the  modes  of  interest^ 


n=i,3,5,  ...  ;  m,p*0,2,^ . 


^ML,M  =  °’ 


along  with  the  constitutive  equations  (2.8)j.  Since 
the  outside  edges  of  the  plate  are  traction  free  and 
we  have  Ignored  the  electrodes  on  the  major  surfaces, 
we  have 


In  (4.2)  H,  and  H.  are  Hermite  polynomials  and 
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N„T^  =  0,  (3.2) 

on  all  surfaces,  where  N.  denotes  the  unit  normal  to 
the  surfaces  of  the  plate  at  T = Tq .  From  (3.1)  and 
(3.2)  we  have 

tI  -  0,  (3.3) 
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throughout  the  plate.  Since  the  thermoelastic  coupling 
constants  Vm,^  are  related  to  the  coefficients  orjn  by 
the  usual  relation 
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integral  (2,2)  and  the  analysis  in  Sec. 3  shows  that 
the  thermally  Induced  biasing  state  is  very  accurately 
a  homogeneous  one. 

Since  the  equivalent  trapped  energy  mode  is  to  be 
determined  by  matching  to  the  known  Gaussian  mode  shape 
in  accordance  with  the  foregoing  procedure,  the  disper¬ 
sion  relations  are  not  needed  and  only  the  continuity 
of  the  mechanical  displacement  u^  need  be  imposed  at 
the  line  of  inflection  in  each  direction.  The  solution 
functions  for  the  trapped  energy  elgenmodes  have  been 
shown^^  to  be  of  the  form 
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‘'36'^‘'57 

r(l)  x(3)  • 
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(4.7) 


In  Eqs.(4.3)  -  (4.9)  the  material  constants  are  the 
transformed  constants  discussed  in  Ref. 8  and  the 
c‘  '  ^  (i  =  1,2,  3)  are  the  eigenvalues  for  the  piezoelec- 
trically  stiffened  plane  waves  for  the  thickness  direc¬ 
tion  of  the  SC-cut®.  The  eigenfrequencies  for  this 
eigensolution  are  given  by® 


nmp 


where 


4h^o 
o 


;(1) 


(4.8) 


(4.9) 


and  p  and  p'  are  Che  mass  densities  of  the  quartz  and 
electrodes,  respectively. 


In  addition  to  uj^.p  given  in  (4.1)  there  are 
both®  Ujppp  and  Ug^.p,  which  are  an  order  of  magnitude 
smaller  than  u^p.p,  but  are  required  in  this  work 
because  the  SC-cut  is  thermally  compensated  for  the 
pure  thickness  mode  of  interest.  However,  since  the 
Ug-  and  Ug -displacement  fields  accompanying  the  larger 
Uj -displacement  field  are  known  only  for  the  electroded 
and  unelectroded  flat  plate® we  fit  the  Gaussian 
mode  shape  given  in  (4.1)  and  (4.2)  for  the  contoured 
resonator  to  a  trapped  energy  mode^®  in  a  flat  plate  in 
accordance  with  the  diagram  shown  in  Fig. 2.  Since  the 
Gaussian  mode  shape  is  sharply  confined  to  the  vicinity 
of  the  center  of  the  contoured  resonator,  we  replace 
the  circular  electrode  by  the  circumscribed  square  for 
convenience  in  performing  the  perturbation  integrals 
(2.2).  Furthermore,  for  the  same  reasons  we  take  the 
flat  plate  to  have  the  thickness  2ho  in  the  central 
region  and  the  thicknesses  2hi  and  2hg  of  the  contoured 
resonator  at  the  lines  of  inflection  of  the  Gaussian 
mode  shape  in  the  Xj -  and  Xg -directions,  respectively, 
which  are  given  by 

2h,  =  2h  (1  -  a,^/4Rh  ),  2h,=  2h  (1  -  a^/4Rh  ).  (4.10) 

1  O  lo  jo  JO 


The  equlvalei t  trapped  energy  mode  is  fitted  to  the 
Gaussian  by  matching  the  Gaussian  at  the  center  of  the 
plate  and  requiring  the  volumes  under  the  Gaussian 
mode  shape  and  the  equivalent  trapped  energy  mode  to  be 
separately  the  same  under  the  inner  rectangular  region 
defined  by  the  lines  of  Inflection  of  the  Gaussian  mode 
shape  in  the  two  directions  and  the  outer  regions. 

This  is  a  reasonable  procedure  for  our  purposes  because 
such  a  function  can  match  the  Gaussian  quite  well,  we 
integrate  over  the  mode  shape  in  the  perturbation 
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In  accordance  with  the  matching  procedure  outlined, 
we  take 


B  =  A 


nmp 


(4.12) 


and  obtain  §  and  v  from  the  relation 


*■  ..  i 


*3  i 


f  e  "  2  H  (v/5“x  )dX  r  e  "  ^  H  (v/Tx 

mnllJ  p  n 


o 


3)^3 


=  J  cos  J  cos  ^38X3,  (4.13) 


from  which,  by  separately  equating  the  product  inte¬ 
grals,  we  obtain  the  transcendental  equations 


for  the  fundamental  and  harmonic  overtones.  The_one 
root  of  each  of  (4.14)  determines  the  values  of  |  and  v 
for  the  equivalent  trapped  mode.  Equation  (4.13),  and, 
of  course,  (4.14)  are  for  the  harmonic  modes  only,  for 
which  H,  =Hp  =  1. 

Since  the  equivalent  trapped  energy  mode  is  con¬ 
tinuous  at  the  junctions,  the  relations  between  the 
amplitudes  in  the  different  regions  are 

S  "  ~  T  ~ 

B  =  B  cos  ^a^  ,  B  =Bcosva3, 

B^  =  B  cos  la^  cos  ^3  ,  (4.15) 

which  with  (4.12)  gives  all  amplitudes  of  the  equiva¬ 
lent  trapped  energy  mode  in  terms  of  the  amplitude  of 
the  Gaussian  mode  shape.  By  following  a  procedure 
similar  to  the  one  employed  in  the  treatment  of  the 
central  region,  for  H,  =Hp  =  I,  we  obtain*'* 
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cos  |a 


^  "  "  (A. 16) 


We  now  have  the  -displacement  field  for  the  equiva¬ 
lent  trapped  energy  mode. 

As  noted  earlier  in  addition  to  the  u^Cuj)  dis¬ 
placement  field  there  are  accompanying  U2(u2)  an^UgCug) 
displacement  fields,  and  to  the  same  order  in  ?(§)  there 
are  accompanying  corrections  to  the  UiCu^)  displacement 
fields,  which  are  given  by® 
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SC-cut  and  Qag  denotes  the  transformation  from  that 
system  to  the  eigenvector  triad® . 

5.  Orientation  of  the  Zero-Temperature  Cut 

The  change  in  the  resonant  frequency  with  tempera¬ 
ture  of  any  electroded  contoured  SC-cut  quartz  plate 
resulting  from  the  thermally  induced  biasing  may  now  be 
determined  from  (2.1)  and  (2.2)  with  (2.6)  and  (2.7). 
However,  Eq.(2.2)  cannot  be  used  for  calculation  as  it 
appears  because  the  temperature  derivatives  of  the 
complete  piezoelectric  and  dielectric  tensors  are  not 
presently  known,  nor  are  all  the  fundamental  coeffi¬ 
cients  appearing  in  (2.7)  known.  Nevertheless,  since 
the  piezoelectric  coupling  and  wavenumbers  along  the 
plate  are  both  small,  the  temperature  dependence  of 
only  the  transformed®  thickness  piezoelectric  and 
dielectric  constants  e^g  and  need  be  retained  in  . 
Moreover,  since  (l/e^g ) degg /dT » (l/e^s) de^g/dT,  we 
ignore  (l/e22)^6s3/<11-  Furthermore,  (l/e^g  )de25 /dT  can 
and  should  be  excluded  from  wave  terms  in  because 
the  existing  temperature  derivatives  of  the  fundamental 
elastic  constants  of  quartz  effectively  contain  the 
small  influence  of  the  temperature  dependence  of  the 
piezoelectric  and  dielectric  constants,  which  results 
from  the  piezoelectric  stiffening  of  the  waves.  In 
addition,  we  ignore  the  since  they  are  not  known. 

Then  the  (l/egg ) degg /dT  that  we  retain  is  not  funda¬ 
mental  but  effective.  In  view  of  the  foregoing,  the 
general  electroelastic  perturbation  integral  in  (2.2) 
with  (2.6)  and  (2.7)  may  be  written  in  the  reduced 
form^* 
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A  =  (T  -  T^)d/dT  (5.2) 

In  (5.1)  the  first  term  under  the  integral  sign  is 
decomposed  in  the  original  conventional  coordinate 
system  for  the  SC-cut  because  the  C|_y„q  and  Ag^,yMa 
are  known  in  that  coordinate  system,  while  the  second 
term  is  decomposed  along  the  eigenvector  triad®  of  the 
pure  thickness  solution'*.  From  (5.1)  for  the  geometry 
shown  in  Fig. 2,  we  obtain 
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with  similar  expressions'*  for  qj  and  u^ .  As  noted 
earlier  in  this  section  this  solution  is  referred  to 
the  eigenvector  triad  of  the  pure  thickness  solution 
for  the  SC-cut®  .  For  purposes  of  calculation  of  the 
temperature  dependence  of  the  resonant  frequency  it  is 
advisable^*  to  transform  back  to  the  original  conven¬ 
tional  coordinate  axes  for  the  SC-cut,  thus 


(4.21) 


where  denotes  the  components  of  the  mechanical  dis¬ 
placement  in  the  original  coordinate  system  for  the 
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The  c^yMQ  in  (5.4)  are  known  as  linear  expressions  in 
(T-Tq)  from  the  analysis  in  Sec. 3  and  the  change  in 
the  elastic  constants  with  temperature  Aclymc  nre 
given  by  ^ 

<5.5 


where  the  dcLYna/T^T  are  obtained  from  the  first  temper¬ 
ature  derivatives  of  the  fundamental  elastic  constants 
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of  quartz^'-  dCpfaw/dT  referred  to  the  principal  axes 
by  the  tensor  transformation  relation 
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where  the  ayj  are  the  matrix  of  direction  cosines  for 
the  transformation  from  the  principal  axes  to  the 
coordinate  system  containing  the  axes  referred  to  the 
electroded  plate.  When  the  conventional  IEEE  notation^^ 
for  doubly-rotated  plates  is  written  in  the  form  (Y,X, 
w,  9,  where  1^=0,  the  rotation  angles  ts  and  6  are 
the  first  two  Euler  angles,  and  for  the  SC-cut  the 
nominal  angles  are  S  =-34.184°,  0=  21.93°,  from  which 
the  ayj  can  be  determined^® .  Clearly,  the  transforma¬ 
tion  relations  for  the  second  and  third  order  elastic, 
piezoelectric  and  dielectric  constants,  and  coefficients 
of  linear  expansion  may  be  written  in  the  respective 
forms 
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where  the  tensor  quantities  with  the  upper  cycle  are 
referred  to  the  principal  axes  of  the  crystal. 

In  order  for  Che  temperature  dependence  of  the 
resonant  frequency  of  a  contoured  SC-cut  quartz  reson¬ 
ator  to  be  calculated,  the  temperature  dependence  of 
ep5  must  be  known.  An  estimate  has  been  made  using 
data^’  on  the  temperature  dependence  of  Che  resonant 
frequencies  of  both  Che  fundamental  and  fifth  harmonic 
overtone  trapped  energy  modes  in  SC-cut  quartz  plates 
with  rectangular  electrodes.  From  the  data  provided  by 
Lukaszek^’  and  the  analysis  we  obtain  Che  estimate^* 

(l/e2g)de2g/dT  =  -  4. 8 X 10'^/°K  .  (5.8) 

Calculations  have  been  performed  using  the  known 
values  of  the  second  order  elastic,  piezoelectric  and 
dielectric  constants  of  quartz^®,  the  third  order 
elastic'’  and  thermoelastic®®  constants  of  quartz  and 
the  first  temperature  derivatives  of  the  fundamental 
elastic  constants  of  quartz'®  along  with  the  estimate 
in  (5.8).  The  results  of  the  calculations  are  pre¬ 
sented  in  Figs.  4-7.  However,  before  we  present  the 
results  of  the  calculations  for  the  SC-cut,  in  Fig.  3, 
which  is  Fig. 7  of  Ref. 2,  we  show  a  comparison  of  log- 
log  plots  of  the  calculated  shift  in  rotation  angle 
for  the  zero-temperature  AT-cut  for  the  fundamental 
mode  with  Taylor's  known  measured  design  curve®  for 
the  fundamental  mode  of  the  plano-convex  AT-cut  reson¬ 
ator  in  order  to  demonstrate  the  accuracy  that  can  be 
achieved  with  such  calculations.  It  can  be  seen  from 
the  figure  that  the  calculated  results  are  not  straight 
lines,  but  curves  and,  in  fact,  a  different  curve  for 
each  different  center  thickness  and  each  electrode 
size.  Although  all  the  calculated  curves  tend  to 
follow  the  general  trend  of  the  single  measured  design 
line  very  closely  for  decreasing  radius  of  curvature  of 
the  contour,  they  deviate  differently  with  increasingR, 
the  greater  the  deviation,  the  greater  the  center 
thickness.  At  this  point  it  should  be  noted  that  as  a 
result  of  (4.5),  the  calculations  become  invalid  for 
large  R  and  ly,  and  the  larger  h^ ,  the  smaller  the 
value  of  R  at  which  the  calculations  become  invalid. 
Nevertheless,  it  can  be  seen  from  the  figure  that  for 
practical  cases  the  agreement  is  exceptionally  fine. 

It  should  also  be  noted  that  the  6'  correction  to  the 
nominal  angle  9  =  -  35°15'  for  the  zero-temperature  AT- 
cut  unelectroded  flat  plate,  which  was  obtained®  using 


data  of  Bechmann®  and  Lukaszek*  and  made  the  actual 
angle  9  =  -  35  21',  was  employed  in  plotting  the  calcu¬ 
lated  results  in  Fig. 3.  Thus  It  is  clear  that  the  6' 
correction  to  the  nominal  9  angle  is  of  crucial  import¬ 
ance  for  the  calculation  of  the  actual  orientation  of 
zero-temperature  AT-cuts. 

As  noted  in  the  Introduction,  since  the  9  angle  of 
the  SC-cut  is  very  near  the  9  angle  of  the  AT-cut,  the 
6'  correction  can  be  taken  to  hold  for  the  SC-cut  also. 
The  corresponding  correction  to  the  nominal  cp  angle, 
which  is  required  for  the  calculation  of  the  actual 
orientation  of  zero-temperature  SC-ci.ts,  has  been 
obtained  from  measurements  by  Warner^  on  the  third 
vertone  of  a  contoured  SC-cut  quartz  resonator  at 
25°C.  The  resonator  had  a  center  thickness  2ho  = 

.5486  mm,  a  radius  of  curvature  R=  25  cm,  an  electrode 
diameter  2f=6.48  mm  and  electrode  thickness  2h^=  900  A, 
and  the  actual  orientation  given  by  Warner®  was 
cp=  21.930°,  9  =  -  34.34°.  Using  the  above-mentioned  6' 
correction  to  the  9  angle,  we  find  that  the  nominal 
9  angle  is  9  =  -  34.24°.  Applying  the  formalism  pre¬ 
sented  in  this  work  to  the  resonator  used  by  Warner, 
we  calculate  the  nominal  cp  angle  to  be  cd=  21.125°, 
which  means  that  the  correction  to  the  nominal  cd  angle 
is  .805°  or  48.3'. 


Figure  4  shows  semilog  plots  of  the  actual  rota¬ 
tion  angle  9  for  an  actual  fixed  angle  cp=  21.93°  for 
the  zero-temperature  cut  as  a  function  of  the  radius  of 
curvature  R  for  the  first,  third  and  fifth  harmonics 
for  the  two  center  thicknesses  shown  in  the  figure. 

The  experimental  point  noted  on  the  third  harmonic  is 
that  of  Warner®  .  The  figure  clearly  shows  that  the 
actual  angle  9  of  the  zero-temperature  SC-cut  is  a 
significant  function  of  R  for  the  third  and  fifth 
harmonic,  as  well,  of  course,  as  for  the  fundamental. 
This  dependence  of  the  third  and  fifth  harmonic  on  R 
constitutes  a  well-known  significant  difference  between 
the  behavior  of  the  SC-  and  AT-cuts.  Figure  5  shows 
semilog  plots  of  the  actual  rotation  angle  cp  for  an 
actual  fixed  angle  9  =  -  34.60°  for  the  zero  temperature 
cut  as  a  function  of  R  for  the  same  harmonics  and 
center  thicknesses  as  Fig. 4.  It  is  clear  from  Figs. 4 
and  5  that  the  change  in  cp  with  R  for  a  fixed  9  is 
about  10  times  as  great  as  the  corresponding  change  in 
9  for  a  fixed  cp.  Figure  6  shows  log-log  plots  of  the 
change  in  rotation  angle  A9  referred  to  an  actual 
reference  angle  9  =  -  34° 36'  for  an  actual  fixed  angle 
cp=  21.93°  as  a  function  of  2ho/R  for  the  same  harmonics 
and  center  thicknesses.  Figure  7  shows  log-log  plots 
of  the  change  in  rotation  angle  Acp  referred  to  an 
actual  reference  angle  cp=  22  40'  for  an  actual  fixed 
angle  0  =  -  34.60°  as  a  function  of  2ho/R  for  the  same 
harmonics  and  center  thicknesses.  The  dotted  curve  in 


both  Figs. 6  and  7  is  for  N=1  for  the  thicker  resonator. 
The  equivalent  curves  for  N  =  3  and  N  =  5  for  the  thicker 
resonator  are  indistinguishable  from  the  respective 
ones  for  the  thinner  resonator.  At  this  point  it 
should  be  noted  that  although  the  calculations  for  N  =  1 
become  invalid  for  some  large  value  of  R,  the  smaller 
that  value  of  R,  the  larger  ho,  as  a  result  of  (4.5), 
the  calculation  for  N  =  3  and  N  =  5  remains  valid  over 
the  entire  range  shown  in  Figs. 6  and  7,  as  a  result  of 
the  n®  in  the  numerators  of  (4.5).  The  electrode 
diameter  used  in  all  calculations  was  2X=6.48  mu. 
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Cross-Section  of  the  Plano-Convex  Resonator 


Xa 


Figure  2 

Diagram  of  One  Quadrant  of  the  Equivalent  Trapped 
Energy  Resonator  Showing  the  Gaussian  Mode  Shape  for 
the  Contoured  Resonator  and  the  Equivalent  Trapped 
Energy  Mode  Shape 


16.  This  transformation  determines  what  we  have 

referred  to  as  the  original  conventional  coordi¬ 
nate  system  for  the  SC -cut. 
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Figure  3 

Comparison  of  the  Calculated  Change  in  Rotation 
Angle  Afi  from  9  =  -  35°8.5'  for  the  Zero  Temperature 
Coefficient  of  Frequency  for  the  Fundamental  Mode 
of  the  Contoured  AT-cut  Resonator  vith  Tyler's 
Known  Measured  Design  Curve.  The  calculated  curves 
are  for  center  thicknesses  Zh^  of  0.8258,  1.6515  and 
0.3282  mm,  with  electrode  diameters  2£  of  8,  10  and 
4  mm,  respectively. 


Figure  5 

Actual  Rotation  Angle  cp  for  the  Zero  Temperature 
Coefficient  of  Frequency  SC-Cut  at  25°C  f  an  Actual 
Fixed  Value  of  9  =  -  34.60  as  a  Function  or  the  Radius 
of  Contour  R  for  the  First,  Third,  and  Fifth  Harmonics 
for  Resonators  with  the  Nominal  Resonant  Frequencies 
and  Center  Thicknesses  Shown.  The  electrode  diameter 
is  2j2  =  6 . 48  mm. 


Figure  4 

Actual  Rotation  Angle  9  for  the  Zero  Temperature 
Coefficient  of  Frequency  SC-Cut  at  25°C  for  an  Actual 
Fixed  Value  of  cp=  21.93  as  a  Function  of  the  Radius 
of  Contour  R  for  the  First,  Third  and  Fifth  Harmonics 
for  Resonators  with  the  Nominal  Resonant  Frequencies 
and  Center  Thicknesses  Shown.  The  electrode  diameter 
is  2£  =  6. 48  mm. 
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Figure  6 

Change  in  Rotation  Angle  A9  from  9  =  -  34'’ 36'  for  the 
Zero  Temperature  Coefficient  of  Frequency  SC-Cut  at 
25°C  for  an  Actual  Fixed  Value  of  cp=  21.93°  as  a 
Function  of  the  Ratio  of  the  Center  Thickness-to-Radius 
of  Contour  for  the  First,  Third  and  Fifth  Harmonics 
for  Resonators  with  the  Nominal  Resonant  Frequencies 
and  Center  Thicknesses  Shown.  The  electrode  diameter 
is  2^  =  6 . 48  mm. 
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(2ho/R)  xlO^ 


Figure  7 

Change  in  Rotation  Angle  A(p  from  (£>=  22°AO'  for  the  Zero 
Temperature  Coefficient  of  Frequency  SC -Cut  at  25°C  for 
an  Actual  Fixed  Value  of  9  =  -  3A.60°  as  a  Function  of 
the  Ratio  of  the  Center  Thickness-to-Radlus  of  Contour 
for  the  First,  Third  and  Fifth  Harmonics  for  Resonators 
vith  the  Nominal  Resonant  Frequencies  and  Center  Thick- 
nessec  Shown.  The  electrode  diameter  is  22= 6, AS  mm. 
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Summary 

The  manufacturing  process  of  piezoelectric 
ceramic  resonators  and  filters,  and  their 
characteristics  are  reviewed,  placing 
special  emphasis  on  high  productivity  and 
application  to  semi-conductor  circuits. 

The  advantages  of  ceramic  resonators  are  a 
short  start  up  time  for  clock  oscillators  in 
microprocessors,  and  a  wide  frequency  shift 
in  VCO  circuits.  The  merits  of  ceramic 
filters  are  stability  and  a  wide  bandpass 
in  communication  use. 

Finally,  the  unique  packages  for  ceramic 
resonators  and  filters,  which  adapts  to  high 
productivity  and  use  with  automatic  insertion 
or  placing  machines,  are  described. 

Introduction 

Piezoelectric  ceramics  have  played  a  major 
role  in  the  development  of  solid  state 
electronics  as  a  material  of  choice  for 
component  manufacture. 

While  ceramic  dielectric  capacitors  have  been 
widely  used  for  more  than  a  decade,  piezo¬ 
electric  ceramic  resonators  and  filters  have 
only  recently  become  commonly  used  for 
frequency  control  and  selection  in 
communications  and  microprocessor  controlled 
equipment. 

In  the  future,  even  greater  expectations  are 
held  for  this  unique  material  in  the  area  of 
new  applications  and  more  stringent 
performance  criteria  for  current  products. 

In  this  paper  we  will  describe  the  manufac¬ 
ture,  operation  and  typical  specifications 
which  can  be  obtained  from  currently 
available  ceramic  resonators  as  compared  to 
quartz  technology. 

Also,  we  will  describe  the  unique  package 
for  ceramic  resonators  and  filters  which 
allows  use  with  automatic  insertion  or 
automatic  placing  machines  now  using  ceramic 
capacitors. 

Manufacturing  Process  and  Material 
Characteristics 

The  manufacturing  process  for  ceramic 
resonators  differs  significantly  from  quartz 
resonators,  especially  in  the  formation  of 
the  raw  materials.  Instead  of  high 
temperature  autoclaves  forming  large  crystals 
from  which  wafers  are  cut  with  great 
precision,  piezoelectric  ceramic  resonator 


fabrication  begins  with  powders. 

In  the  old  days,  we  made  wafers  by  the 
manufacturing  process  of  pressing,  firing, 
cutting,  and  grinding.  However,  we  have 
succeeded  in  recently  developing  a  new 
manufacturing  process  called  the  green  sheets 
method.  Fig.  1  shows  this  new  manufacturing 
process  compared  to  the  old  process.  In  Fig. 
1  the  sheeting  process  is  most  important  and 
we  are  using  a  rolling  or  extruding  machine 
for  this. 
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FIG.  1 

Sew  Manufacturing  Process  by  Green  Gheet 
Method  Comparing  to  Old  Process 


The  old  method  of  electroding  used  a  printing 
machine  with  silver  paint.  However,  silver 
material  is  very  expensive  and  is  subject  to 
the  migration  phenomena,  especially  in 
thinner  wafers.  So,  we  have  developed  a  new 
electroding  process  which  is  based  on  the 
sputtering  technique,  using  a  Ni  alloy.  This 
new  process  is  very  suitable  to  mass 
production  and  cost  savings,  as  well  as 
avoiding  silver  migration  troubles. 

There  are  many  material  requirements  for 
making  quality  frequency  control  devices  like 
resonators  and  filters.  We  must  consider  the 
following : 

(1)  Good  temperature  and  aging  characteris¬ 
tics  of  the  resonant  frequency  for  each 
vibration  mode. 

(2)  High  mechanical  Q  and  small  dielectric 
constant  for  higher  frequency  use. 
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(3)  Pore  free  ceramic  structure  and  a 
uniform  piezoelectric  characteristic  to 
allow  fine  electrode  patterns. 

(4)  Small  package  size  for  solid  state 
circuits. 

We  have  studied  many  kind  of  impurities  which 
improve  mechanical  Q  values,  and  combinations 
of  Ti  and  Zr  in  PZT  materials  which  improve 
temperature  characteristics  to  meet  todays 
requirements. 

For  example.  Fig.  2  shows  the  temperature 
coefficient  of  the  resonant  frequency  in  an 
expansion  mode,  shear  mode,  and  thickness 
mode  related  to  the  combination  of  Ti  and 
Zr.(2)  This  is  quite  similar  to  the 
phenomena  found  in  the  cut  angle  of  zero- 
temperature  coefficient  quartz  crystals.  In 
addition  to  the  material,  we  can  see  that  the 
vibration  mode  in  ceramic  resonators  also 
affects  the  temperature  characteristic.  Fig. 
3  shows  typical  temperature  characteristics 
of  the  resonant  frequency  in  each  vibration 
mode  compared  to  the  AT  cut  quartz  crystals. 


■  Expansion  Mode 


FIG.  2 

Temperature  Coefficient  Characteristics  of 
Resonant  Frequency  By  PbZr03  Ratio  to  PbTiO^ 


make  fundamental  frequencies  using  a  trapped 
mode.  It  is  possible  to  make  3rd  overtone 
because  the  Poisson's  ratio  o  of  PbTiOs  is 
less  than  0.3.  Fig.  4  shows  this  relation¬ 
ship,  and  we  could  improve  the  temperature 
coefficient  of  the  resonant  frequency  by 
adding  Lamthanum  impurities. The 
mechanical  Q  value  of  this  material  is  more 
than  4,000,  and  the  temperature  coefficient 
of  the  resonant  frequency  is  less  than  0.2 
ppm/^C  from  -40‘’C  to  +120°C  temperature  range. 


Frequency  Characteristic  of  Resonant 
Frequency  for  PbTiOj  Ceramics 


We  are  using  the  (Electronic 

Material  Association  Standard;  in  Japan  to 
measure  all  piezoelectric  constants  of  our 
piezoelectric  ceramic  materials. 

We  are  also  using  MIL-STD-202E  to  make  the 
enviromental  tests  for  our  materials. 

Table  1  shows  all  items  for  this  test  and 
each  condition  is  decided  by  each  requirement. 


Design  and  Characteristics  of  Ceramic 
Resonators 


Fig.  5  shows  the  equivalent  circuit  of 
piezoelectric  ceramic  resonators,  CERALOCK  , 
which  is  quite  similar  to  quartz  crystals. 
(®is  registered  by  Murata  in  USA,  UX , 

W.  Germany,  Japan  and  etc.) 


Temperature  Characteristics  of  Resonant  Cl :  Equivalent  Compliance 

Frequency  for  PbTi03  Ceramics  and  AT  cut  Li  :  Equivalent  Mass 

Quartz  Crystals  Ri :  Equivalent  Resistance 

Co:  Parallel  Equivalent  Capacity 


FIG.  5  2-Terminal  Type 

To  make  ceramic  resonators  higher  than  lOMHz,  Equivalent  Circuit 

PbTiO,  materials  are  better  than  PZT  material 

because  the  mechanical  Q  is  larger  and  the 

dielectric  constant  is  smaller.  Also,  PbTiOi 

materials  are  more  suitable  for  making  3rd 

overtone  rather  than  fundamental  resonators 

because  it  is  theoretically  impossible  to 
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In  Fig.  5  we  can  obtain 


fr= 


1  -  1 

2t 


next  expression: 

fj-  :  resonant  freqency 

fg  :  anti-resonant 
frequency 

k  :  coupling  coeffi¬ 
cient 

Qiii  :  mechanical  Q 


We  can  make  the  piezoelectric  ceramic 
resonators  in  a  wide  frequency  range  from 
lOOKHz  to  lOOMHz  utilizing  the  "expansion 
mode",  "thickness  shear  mode"  or  "trapped 
energy  mode"  of  vibration,  however,  present 
usage  is  concentrated  in  and  around  450KHz, 
2.MHZ,  4.5.MHZ,  and  10.7M.Hz.(5) 

Table  2  shows  equivalent  constants  of  typical 
piezoelectric  ceramic  resonators  compared  to 
quartz  crystals. 

Fig.  6  shows  an  example  of  frequency  and 
impedance  characteristics,  and  also  phase 
angles  for  a  450KHz  ceramic  resonator.  We 
can  understand  from  Fig.  6  that  the  impedance 
of  the  resonator  is  inductive  between  fj-  and 
fa,  and  that  a  Colpitts  circuit  is  most 
useful  for  the  oscillator. 


Basic  Oscillation  Circuit  of  "Ceralock 


This  oscillating  frequency  is  shown  in  next 
expression  in  which  the  value  is  shown  in 
Table  2. 


f  =  _ 

osc  2ti  4  C1C2 
J  Cl  +  C2 


The  advantage  of  ceramic  resonator  is  the 
short  start  up  time  of  the  oscillator  because 
of  the  small  mechanical  Q  value.  This  is 
suitable  for  switching  the  oscillator. 


4) 

•o 


0 - 

« 

2  -90 - Z - - 

0.  _ 

riG.  6 

Impedance  and  Phase  Characteristics 
for  Ceralock  (CSB455E) 


Fig.  7  shows  an  example  of  an  oscillation 
circuit  using  a  C-MOS  IC.  In  Fig.  7,  Rf  is 
a  resistor  for  bias  and  Rjj  is  a  damping 
resistor  for  higher  harmonics. 


The  start  up  time  of  the  oscillator  circuit 
is  proportional  to  the  mechanical  Q  value  of 
the  resonator  and  inversely  proportional  to 
the  frequency.  Fig.  8  shows  an  example  of 
this  relation.  We  can  understand  that  the 
start  up  time  of  ceramic  resonators  is  one 
decade  shorter  than  quartz  crystals. 

Another  benefit  of  ceramic  resonators  is  the 
possibility  of  a  wide  frequency  shift  because 
of  the  large  frequency  difference  between  fj. 
and  fg.  This  is  suitable  to  VCO's  (Voltage 
Controlled  Oscillator) . 
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Photograph  of  start  up  time  for  clock  oscillator 
using  ceramic  resonator  and  quartz  crystal 
(Horizontal  line  is  0.2  m  sec/div.) 


.FIG.  8 


Fig.  9  shows  an  example  of  a  synchoronized 
horizontal  signal  generator  circuit  for 
color  TV,  and  Fig.  10  shows  the  relation  of 
the  oscillating  frequency  to  the  control 
voltage. 


Design  and  Characteristics  of  Ceramic  Filters 


There  are  many  kinds  of  ceramic  filters,  so 
called  CERAFIL.®  (@is  registered  by  .Murata 
in  USA,  UK,  W.  Germany,  Japan  and  etc). 

Fig.  11  snows  the  structure  of  ladder  type 
ceramic  filters  and  Fig.  12  shows  the 
equivalent  circuits.  When  we  adjust  the 
resonant  frequency  and  anti-resonant 
frequency  of  both  series  and  parallel 
resonators  to  satisfy  the  next  expression,  we 
can  obtain  the  frequency  characteristics 
shown  in  Fig.  13.'°^ 


Structure  of  Ladder  Equivalent  Circuit  for 
Type  Ceramic  Filter  Ladder  Type  Ceramic 
(One  Section)  Filter  (One  Section) 

FIG.  11  FIG.  12 


FIG,  13  Frequency 

Frequency  Characteristic  for 
Ladder  Type  Ceramic  Filter 


The  selectivity  and  bottom  level  is 
proportional  to  the  number  of  ladder  sections. 

For  higher  than  frequencies  of  4MHz,  we  use 
the  thickness  or  thickness  shear  trapped 
vibration  mode.  In  this  case,  if  we  make  a 
split  partial  electrode  shown  in  Fig.  14,  we 
can  oDtain  four  terminal  cera.mic  filters 
without  using  a  coil.  This  is  accomplished 
by  the  coupling  of  two  vibration  modes  which 
are  symmetrical  and  anti-symmetrical  as  shown 
in  Fig.  15.(7) 


c 


Equivalent  Circuit  for  Multicoupling 
Energy  Trapped  Mode  Filter 
FIG.  15 
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Packaging 

Piezoelectric  ceramic  resonators  and  filters 
are  very  important  frequency  control  devices 
for  electronic  circuits.  However,  in  order 
to  use  these  devices,  we  must  make  practical 
packages.  Wire  mounts  and  heremetic  seals 
are  typical  packages  for  quartz  crystals,  but 
it  is  difficult  to  make  small  configurations 
and  mass  production  with  these  packages.  It 
is  not  necessary  to  use  metal  sealed  cases 
for  ceramic  resonators  and  filters  because 
they  do  not  pick  up  electro-magnetic  noise 
because  of  their  low  impedance.  Also, 
mechanical  damping  of  the  ceramic  elements 
does  not  have  much  effect  on  the  electrical 
performance  due  to  the  low  mechanical  Q  value. 
For  these  reasons,  we  can  use  quite  different 
packaging  from  the  ordinary  for  ceramic 
resonators  and  filters. 


Fig.  18  shows  an  example  of  the  package  for 
chip  type  ceramic  resonators  and  filters.  We 
can  use  reflow  soldering  process  to  mount 
these  devices  on  the  chassis. 


0  5  10’"’"- 


FIG.  18 

Photograph  of  CHIP  type  Ceramic  Resonator 
Left  is  455KHZ,  Right  is  4.00MHz 


Pig.  16  shows  an  example  of  the  package  for 
lower  frequency  ceramic  resonators.  We  are 
using  spring  metal  terminals  and  plastic 
Cases  which  are  welded  together  by  an 
automatic  ultrasonic  welding  machine. 


Fig.  17  shows  an  example  of  the  package  for 
higher  frequency  ceramic  filters.  Here  we 
are  using  a  special  wax  on  the  partial 
electrodes,  and  a  phenol  resin  on  the  whole 
ceramic  element.  The  wax  is  absorbed  into 
the  resin,  making  a  cavity  around  the 
electrodes  during  the  curing  process. 


Recently,  we  began  supplying  ceramic  filters 
radially  taped  and  reeled  for  automatic 
insertion  equipment.  We  are  now  introducing 
chips  which  are  suitable  for  automatic 
surface  mounting  by  standard  automatic 
placement  machines. 

Configurations  of  these  ceramic  resonators 
and  filters  are  the  same  as  the  lEC 
(International  Electrotechnical  Commission) 
standards ^ which  are  commonly  used  around 
the  world. 


H 

■  f 

FIG.  IG 

Photograph  of  Structure  for 
Ceramic  Resonator  Package 


Cross  Section  of  Package  for  Ceramic  Filter 


This  package  is  very  useful  because  of  its 
simplicity  and  small  configuration.  It  is 
also  very  strong  and  resistant  to  shock. 


Conclusion 

The  new  technology  using  the  green  sheets 
method  for  making  ceramic  wafers  is  very 
useful  for  the  mass  production  of  piezo¬ 
electric  ceramic  resonators  and  filters. 

The  compensation  to  make  zero  temperature 
coefficients  at  resonant  frequency  for  each 
vibration  mode,  in  each  frequency  range  is 
also  possible  by  adjusting  the  ratio  of 
mole  %  of  Ti  and  Zr  in  PZT  materials.  This 
is  very  similar  to  adjusting  the  cut  angle 
for  quartz  crystals. 

It  is  easy  to  change  the  mechanical  Q  value 
of  ceramic  resonators  widely  from  the  500  to 
5,000  range  by  the  proper  choice  of 
impurities  for  the  raw  materials.  The 
moderate  mechanical  Q  value  of  ceramic 
resonators  is  advantageous  for  switching 
clock  oscillators  used  in  microprocessors. 

The  high  coupling  coefficient  of  piezoelectric 
ceramic  materials  is  suitable  for  resonators 
in  VCO  use  or  wide  bandwidth  filters. 

The  unique  packaging  using  metal  spring 
contacts  or  phenol  resin  coatings  makes  small 
sizes  and  stable  configurations  including 
surface  mountable  products. 

We  look  forward  to  the  rapid  spread  of  these 
piezoelectric  ceramic  resonators  and  filters 
in  many  semiconductor  circuits. 
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Test  Conditions 

Dropped  Ireely,  3  limes,  on  a  concrete  floor  Irom  a  height  of  30  cm,  except  CSB  resonators  at  frequencies  lower  than  299  KHz 
which  are  dropped  from  a  height  of  10  cm. 

Vibrations  of  10~55  Hz  frequency  and  1.52  mm  total  amplitude  are  applied  Ion  hour  each  along  X,  Y  and  Z  directions. 

0  5  kg  weight  is  reciprocated  along  the  terminal  saxiat  direction,  while  0  25  kg  weight  is  reciprocated  along  a  direction  90°  to  the 
axial  direction. 

The  terminal  is  immersed  up  to  a  point  2  mm  Irom  its  bottom,  into  230°  1 5°  C  soldering  oven  for  a  period  of  5  sec 
The  lenninal  is  immersed  up  to  a  point  2  mm  from  its  bottom,  into  350°  t  10°  C  soldering  oven  for  a  period  of  3  sec 
Ceramic  resonator  is  held  lor  100  hours  inside  a  constant  temperature  and  constant  humidity  oven  held  at  40°  1 2°  C  and 
go-ugstlfiRH. 

Held  in  85  1 2°  C  constant  temperature  oven  for  1000  hours. 

Held  in  -25  ±  2°  C  constant  temperature  oven  for  too  hrtuis 

Subject  to  5  cycles  of  30  min.  at  -  25“  C.  30  min  at  »  20“  30  min  at  85°  C 

Subject  to  5  cycles  of  30  min  at  -  55“  C.  30  min  at  *  85“  C 

Enviromental  Test  Conditions 


TABLE  1 


Ceramic  Resonator 
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85 

06 

29 
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Equ’ valent  Constants  of  Typical  Ceramic  Resonators  and  Quartz  Crystals 
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SUMMARY 


BVA  design  has  been  extensively  described  in  the  past 
few  years.  Most  of  the  results  were  given  at  5  MHz. 

Last  year,  we  have  introduced  a  QAS  design  10  MHz  SC 
cut  3rd  Of,  which  gives,  in  HC  40  can,  very  low  G  sen¬ 
sitivity  :  16  %  of  crystals  manufactured  in  a  batch 

-10 

were  founded  better  than  2.10  /  G. 

We  have  followed  up  our  work  on  highly  stable  10  MHz 
crystal  resonators  and  this  paper  describes  recent 
results  obtained  with  : 

-  10  MHz  SC  Cut  3rd  OT  (  HC  40  can  )  QAS  design 

-  10  MHz  SC  Cut  STh  OT  (  T  3516  can  )  QAS  design 

-  10  MHz  SC  Cut  5Th  OT  (  T  3516  can  )  BVA  design 

compared  to  5  MHz  SC  Cut  3rd  01  BVA  design  resonators. 

In  the  smaller  can  (  HC  40  ) ,  we  have  developped  a  new 
mounting  configuration  for  the  10  MHz  3rd  OT  QAS  reso¬ 
nator.  Ihe  ratio  of  resonators  with  a  G  sensitivity 
better  than  2.10  /  G  is  now  observed  up  to  80  %  per 

batches. 

Others  improvements  are  also  observed  (  short  term 
-13  -in 

stability  <  5.10  ,  retrace  <  2.10  ...  )  which 

make  these  resonators  very  useful  1  regarding  recent 
high  level  oscillator  specifications. 

On  the  other  hand,  we  have  developped  10  MHz  5Th  01  SC 
Cut  resonators,  with  BVA  or  QAS  design  mounted  in  a 
larger  can,  called  T  3516  (  diameter  35  mm,  height 
1 6  mm  ) . 

Ihesp  resonators  do  have  the  improvements  due  to  the 
quartz  bridge  mounting  technique  in  addition  to  the 
classical  advantages  of  the  SC  Cut  and  of  the  fifth 


overtone. 

Results  obtained  with  these  resonators  and  measured 
either  with  passive  reference  system  or  with  oscilla¬ 
tors  (  0  >  1.4.10^  ,  (/y  (C)  5  4.10  f rom  1  to 
100  s,  typical  ageing  <  1.10  /  day  ...  )  are  des¬ 

cribed  and  discussed. 

INTRODUCTION 

The  actual  specifications  of  oscillators  requested  by 
modern  system  in  numerous  fields  (  positionning,  com¬ 
munications,  aerospace  applications  ...  )  do  require 
improvements  of  crystal  resonators  parameters. 

-1 1 

Long  term  ageing  is  now  requested  in  terms  of  10 

-13 

per  day,  short  term  stability  in  lO  and  G  sensiti¬ 
vity  in  10  /  G. 

Among  the  studies  devoted  to  quartz  crystal  resonators 
a  large  number  of  papers  deal  with  G  sensitivity. 

Various  contributions  to  this  effect  were  investigated 
and  some  models  have  been  proposed  to  reach  low  G 
sensitivity  resonators.  However,  there  are  not  yet 
many  crystals  which  have  been  shown,  till  recently, 
to  have  a  low  G  sensitivity  in  all  directions  of 
space  (  10  ). 

The  5  MHz  BVA  design  was  an  interesting  solution  to 
solve  this  problem.  Nevertheless,  for  specifications 
in  which  the  G  sensitivity  is  the  single  difficult 
parameter,  BVA  is  a  good  but  luxurious  solution. 

Last  year  we  have  presented  a  QAS  design  which  makes 
use  of  the  quartz  bridge  mounting  of  the  BVA  design. 
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In  this  paper,  we  present  the  actual  performances  on 
low  G  sensitivity  distribution  obtained  with  an  im¬ 
proved  QAS  design.  Ihe  improvement  observed  is  due  to 
some  change  in  the  configuration  of  the  mounting  rib¬ 
bons. 

lo  meet  low  ageing  regu i rement s ,  we  have  developped 
new  oscillators  working  with  MHz  (  SC  Cut  3rd  over¬ 
tone  '  and  10  MHz  (  SC  Cut  Sth  overtone  )  BVA  reso¬ 
nators.  Ihe  main  goal  of  these  studies  is  an  ageing 

-12  -10 
rate  around  3.10  per  day  and  around  1.10  per 

month . 

-9 

Ihe  further  objective  is  1.10  per  year.  We  describe 
the  low  ageing  results  we  have  obtained  with  these 
10  MHz  BVA  design  resonators. 

RECENT  DEVELOPMENTS  ON  RESONATORS  AMO  OSCILLATORS 

In  recent  years,  the  G  sensitivity  was  one  of  the 
most  intensivily  studied  parameter,  both  theoretically 
and  experimentally,  by  many  workers  (  3  -  12  ). 

It  is  now  well  established  that  G  sensitivity  is 
caused  by  stresses,  of  various  origin,  which  can 
apply  on  the  vibrating  area. 

Ihe  first  theoretical  approach  dealing  with  force- 
frequency  effect  and  in  plane  acceleration  frequency 
effect  was  given  by  Professor  PCY  Lee  and  co-workers 
'  3  -  4  : . 

these  studies  lead  to  the  definition  of  angles  for 
which  one  of  these  effects  becomes  negligible 
'  Kf  t';  :  0  j. 

The  force-frequency  model  was  applied  to  doubly  rota¬ 
ted  cuts,  including  anisotropy  of  quartz,  by  Ballato 

:  3  i. 

Ihesc  models  do  not  give  a  full  explanation  of  G  sen¬ 
sitivity  of  crystal  resonators,  and  all  the  attempts 
to  correlate  deviations  from  "  ideal  "  geometry  of 
mounting  and  poor  experimental  results  were  in  failure. 

A  more  detailed  explanation  on  G  sensitivity,  not  yet 
completed,  was  given  by  Janiaud  and  others  (  6  -  8  ). 

this  model  involves  all  forces  (  surface  and  body 


forces,  static,  dynamic  or  initial  stresses, 
torques  ...  )  applied  by  the  mounting  support  or  ac¬ 
celeration  induced. 

The  conclusions  of  this  work  are  that  most  of  the  G 
sensitivity  is  due  to  : 

.  torques  or  mechanical  couples  at  the  crystal 
boundary  (  initials  or  induced  ) 

.  induced  compressive  forces. 

that  means  that  one  has  to  find  a  mounting  design 
which  keeps  as  good  as  possible  the  initial  synmstry 
of  mounting  free  fo^m  induced  stresses  or  torques. 

An  experimental  verification  was  given  by  Goldfiank 
and  Warner  (  12  )  who  correlates  thermocompression, 
bounding  mis  -  alignment,  mechanical  couples  and  G 
sensitivity  of  5  MHz  5C  3Th  overtone  resonators. 

An  experimental  demonstration  of  the  main  influence 
of  mounting  symmetry  on  G  sensitivity  was  given  by 
Professor  Besson  and  its  BVA  design  (  13  ). 

Ihe  QAS  design,  which  allows  a  G  sensitivity  better 
-10 

than  2.10  /  G,  involves  the  quartz  bridge  tech¬ 

nique  of  the  BVA  and  confirngthe  influence  of  the 
symmetry  of  mechanical  configuration  on  G  sensitivity. 

Long  term  ageing  has  been  also  intensively  studied. 

Ihe  most  influent  parameters  are  the  mechanical 
(  initial  )  stress  release  from  plated  metallization 
or  mounting  springs,  the  chemistry  of  the  surface 
and  the  residual  contamination  after  encapsulation. 

Additional  cleaving  using  O.V.  ozone  reactions  with 
surface  contamination  was  recently  introduced  (  14  ). 

Many  technological  parameters  including  ultra  vacuum 
gold  plating,  ultra  clean  processing,  high  vacuum 
sealing,  are  involved  in  long  term  ageing.  Others 
main  requirements  such  as  frequency  retrace,  warm  up 
time,  short  term  stability  ...  which  involve  both 
the  resonator  and  the  oscillator,  are  mostly  experi¬ 
mental  parameters. 

The  actual  knowledge  leads  to  the  conclusion  that 
these  performances  are  strongly  affected  by  the  cut 
and  the  applied  technology  (  mounting,  processing 
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Qvi-ii,  mechanical  assembly  ...  ). 

The  actual  needs  expressed  for  modern  oscillators 
have  lead  C  E  P  E  to  use  all  the  theoretical  and 
technological  resonator  improvements  and  all  the  pos¬ 
sibilities  of  low  noise  design  electronic  in  highly 
miniaturized  ovens,  to  reach  new  crystals  and  new 
oscillator  performances  i  2  ). 

BVA  AND  QAS  RESONATORS 

-  I  BVA  and  QAS  design 

BVA  design  resonators,  working  with  AT  Cut  fifth 
overtone  or  SC  Cut  third  overtone  at  5  MHz,  have  al¬ 
ready  been  described  (  13  ),  and  the  experimental 
results  have  confirmed  the  interest  of  this  design. 

BVA  crystal  resonator  involves  non-sticky  electrodes 
and  monolithic  mounting. 

The  vibrating  area  is  supported  by  small  quartz 
bridges  which  are  attached  to  a  quartz  ring.  This 
ring  can  be  taken  as  a  stress-free  mounting  support. 
It  works  as  a  mechanical  filter  between  the  base  and 
the  vibrating  area.(  Figure  1  ). 

In  addition,  tl.e  guartz  bridges  give  a  good  symmetry 
of  stresses  along  the  thickness  of  the  resonator.  The 
thickness  of  the  bridges  can  be  reduced  to  apply  the 
induced  stresses  close  to  the  nodal  plane  of  vibra- 
t i ons . 

The  lartz  bridges  are  manufactured  by  ul  trnsor.ic  nc- 
chining,  which  removes  guartz  material  between  cen¬ 
tral  part  and  ring  in  order  to  leave  only  the  quartz 
bridges. 

Iwo  disks  made  of  quartz  (  same  cut  and  same  orienta¬ 
tion  than  the  resonator  )  are  put  on  both  sides  of 
the  resonator.  One  is  flat  and  parallel,  the  other 
one  IS  piano-concave.  Quartz  bridges  and  rings  are 
also  manufactured  by  ultrasonic  machining  on  these 
two  disks. 

In  front  of  the  vibrating  area  of  the  resonator,  a 
"  gap  "  is  done  in  the  disks,  by  mechanical  means  or 
chemical  etching,  in  order  to  leave  a  distance  of  b 


or  between  the  vibrating  area  surface  and  the 

disk. 

Gold  metallization  is  plated  in  the  bottom  of  these 
5  or  10  mm  depth  "  holes  ". 

The  only  surfaces  in  contact  between  the  three  pieces 
are  then  on  the  rings. 

The  three  parts  are  maintained  by  clips  (  2,  3  or  4  ) 
of  given  rigidity  and  shape.  This  assembly  is  sup¬ 
ported  by  springs  (  F igure  7  ) . 

The  design  parameters  usable  to  adjust  electrical 
coefficients  are  the  radius  of  curvature,  gap  thick¬ 
ness  and  diameter  of  metallization. 

In  the  course  of  this  study  one  have  fabricated 
both  5  MHz  3rd  01  and  10  MHz  5Th  OT  SC  cut  resonatora 

The  vibrating  area  is  15  mm  in  diameter  and  the  over¬ 
all  one  24  mm. 

Radius  of  curvature  from  100  mm  up  to  3000  mm  have 
been  tried. 

Classical  lapping,  contouring  and  surface  finishing 
are  used.  The  final  frequency  adjustment  is  obtained 
by  light  and  successive  polishing  of  the  surface. 

The  parameters  which  are  used  to  improve  mechanical 
properties  (  endurance  or  performance  )  are  : 

-  dimensions  (  length,  width,  thickness  )  of 
bridges 

-  location,  number  and  orientation  of  bridges 

-  clips  supporting  the  three  quartz  pieces 

-  springs  supporting  the  overall  assembly 

The  vibrating  plate  ol  □  BVA  resonator  can  also  be 
directly  plated.  This  leads  to  the  QAS  design 
(  5  Mhz  3rd  OT  or  10  MHz  5Th  OT  )  SC  cut  resonators. 
These  four  types  of  resonators  are  encapsulated  in 
a  specia'  metal  can.  called  T  3516  (  35  mm  in  dia¬ 
meter,  16  mm  height  )  (  Figure  3  ). 

After  a  high  temperature  and  low  pressure  baking  out, 
crystals  are  sealed  by  "  cold-weld  "  under  high 
vacuum. 
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An  other  QAS  design  is  shown  on  figure  2  and  3.  This 
is  the  10  MHz  SC  Cut  3rd  OT  resonator,  encapsulated 
in  HC  40  can,  introduced  last  year  (  1  ). 

The  vibrating  area  is  10  mm  in  diameter  and  the  ring 
is  13  mm  in  diameter.  Metallization  is  plated  on  the 
vibrat ing  area. 

The  dimensions,  number  and  location  of  the  quartz 
bridges  are  the  adjustable  mechanical  parameters  of 
this  design. 

The  way  the  ring  is  supported  by  the  mounting  ribbons 
is  also  of  great  importance  in  electrical  performances 
under  vibrations,  even  if  the  ring  is  not  a  part  of 
the  vibrating  area. 

-  2  )  CNVIRONMENTAL  ENDURANCE 

Most  of  the  oscillators  for  which  these  resonators 
are  designed  must  be  able  to  operate  safely  after  en¬ 
vironmental  shocks  and  vibrations  (  generally  up  to 
2000  or  3000  Hz  ). 

The  elasticity  of  the  mounting  spring  and  the  mass 
supported  by  this  spring  lead  to  mechanical  resonances 
under  vibrations,  at  given  frequencies. 

When  these  mechanical  resonant  frequencies  fall  into 
the  vibration  spectrum  applied,  the  induced  deforma¬ 
tion  can  wear  and  even  brake  the  resonator. 

One  of  the  goal  of  a  crystal  designer  is  to  raise  the 
mechanical  resonances  of  crystal  resonators  at  fre¬ 
quencies  higher  than  2000  or  3000  Hz. 

A  classical  equipment  used  to  locate  the  resonant  fre¬ 
quencies  of  the  mounting  support  is  shown  on  figure  4. 
Ihe  resonator  itself  is  used  as  a  sensor,  because  its 
own  deformations  induce,  through  the  piezoelectric 
effect,  electrical  charges  on  the  electrodes  which 
can  be  measured. 

low  frequency  spectral  density  analysis  of  the  elec¬ 
trical  signal  recorded  under  vibrations  gives  the  fre¬ 
quency  response  spectrum  of  the  device.  Main  peaks  of 
amplitude  are  interpreted  as  mechanical  resonances  of 
the  overall  assembly  of  the  resonator. 


figure  5  gives  the  response  of  a  classical  5  MHz  BVA 
resonator.  Resonances  appear  at  frequencies  around 
1200  Hz  making  this  resonator  not  suitable  for  space 
applications. 

figure  6  gives  the  response  of  a  10  MHz  BVA  resonator, 
specially  designed  by  C  E  P  E  for  space  application. 

Up  to  2000  Hz  (  which  is  the  upper  limit  of  applied 
vibrations  during  the  launching  for  this  mission  ), 
the  frequency  spectrum  is  free  for  any  resonances. 

The  difference  between  both  responses  is  only  due  to 
a  modification  of  the  springs  supporting  the  three 
quartz  pieces.  It  shows  the  flexibility  of  the  BVA 
design. 

figure  7  gives  the  frequency  response  under  vibrations 
of  a  QAS  10  MHz  5C  3rd  OT  (  HC  40  )  resonator. 

figure  8  gives  the  response  of  a  QAS  10  MHz  SC  5Th  OT 
(  T  5516  )  resonator. 

With  these  two  resonators,  one  can  observe  that  the 
worst  (  lowest  )  mechanical  resonance  appears  at  fre¬ 
quencies  far  higher  than  2000  Hz.  Out  of  plane  and  in 
plane  acceleration  give  different  resonant  frequencies 
but  we  are  concerned  by  the  lowest  one. 

Some  of  these  resonators  have  been  submitted  to 
30  G  eff,  between  10  and  2000  Hz.  Neither  frequency 
drift  nor  failure  were  observed. 

In  conclusion  of  this  study  about  environmental  endu¬ 
rance,  we  can  say  that,  by  an  accurate  choice  of  the 
mounting  design,  BVA  and  QAS  resonators  can  be 
strongly  vibration  resistant  and  suitable  for  space 
application. 

ELECTRICAL  PERTORMANCES 

-  1  )  MOTIONAL  PARAMETERS 

Among  the  designs  we  have  just  described.  Table  I 
gives  typical  motional  parameters  measured  on  TT  net¬ 
work. 
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f  requercy  /  Overtcne  /  Type 

R  (JI1 

L  (  H  ) 

Q  (  10^  ) 

5  MHz  SC  3rd  01  BVA 

95 

7,5 

2,5 

QAS 

80 

6 

2,4 

10  MHz  SC  5Ih  01  BVA 

80 

1,8 

1,A 

QAS 

75 

1,6 

1,3 

10  MHz  SC  3rd  01  QAS 

60 

1,2 

1,3 

TABLE  I 

Ihe  turn  over  temperature  dispersion  is  not  much 
larger  with  a  BVA  or  QAS  design  than  with  classical 
resonators. 

Ear  each  type,  motional  parameters  can  he  largely 
adjusted  (  for  example  BVA  5  MHz  :  L  can  range  from 
A  H  to  10  H  i  by  manufacturing  parameters  (  radius  of 
curvature,  gap  thickness  ...  ). 

-  2  )  G  sensitivity 

Although  BVA  design  allows  G  sensitivity  down  to 
-10 

3.10  /  G,  this  parameter  was  not  the  main  one  taken 

into  account  to  choose  the  actual  EVA  design  described 
in  this  work. 

We  do  prefer  to  improve  G  sensitivity  performances  of 

small  size  crystals  (  HC  40  )  to  meet  actual  require- 
-10 

ments  (  ageing  <5.10  /  day,  G  sensitivity 

<  5.10'^°  /  G  '. 

Ihe  mechanical  equipment  used  to  perform  a  2  G  tip 
over  test  and  the  system  used  to  follow  the  frequency 
drift  of  the  resonator  alone  (  Passive  Reference  Sys¬ 
tem  )  are  described  elsewhere  (  1  ). 

By  turning  around  two  axis  of  rotation  of  the  ovenized 
resonator,  one  comes  to  find  experimentally  the  direc¬ 
tion  of  the  worst  frequency  deviation.  This  gives  the 

amplitude  and  orientation  versus  resonator  coordinates 

— > 

of  the  G  sensitivity  vector  f  . 

Ihe  parameters  we  have  been  able  to  study  are  : 


-  cut  angles 

-  bridges  location  and  shape 

-  mounting  configuration 

This  work  performed  on  10  MHz  3rd  OT  resonators  in 
HC  40,  leads  to  the  following  exclusions  :  low  G  sen¬ 
sitivity  resonators,  althought  achievable  with  AT  cut 
is  more  easily  obtained  with  5C  cut. 

The  relation  between  G  sensitivity  and  exact  crystal 
cut  (  3^  angle  around  SC  )is  largely  smaller  than 
the  influence  of  resonator  design.  Low  G  sensitivity 
resonators  have  been  manufactured  with  plates  from 
21,95  up  to  22,75°,  at  frequencies  10  or  10,230  MHz. 

figure  9a  gives  the  G  sensitivity  distribution  of  the 
previous  QAS  design. 

figure  9b  gives  the  G  sensitivity  distribution  of  the 
new  QAS  design. 

One  can  see  that  the  mean  value  has  been  lightly  re¬ 
duced,  but  the  sigma  of  the  distribution  has  been 
largely  reduced. 

This  low  sigma  value  means  that  this  design  is  quite 
free  from  light  deviations  of  mounting  configuration 
and  is  very  interesting  for  industrial  purpose. 

-  3  )  SHORT  TERM  STABILITY 

The  passive  reference  system  which  has  been  used  to 
follow  small  frequency  drift  during  G  sensitivity 
tests,  allows  to  measure  short  term  stability  of  the 
ovenised  resonator. 

Short  term  stability  characterization  of  a  resonator 
can  then  be  done  either  with  the  passive  reference 
system  or  in  classical  oscillators.  Classical  methods 
(  Lf  beating  frequency  counting,  frequency  difference 
multiplication  ...  )  are  used  {  15,  16  ). 

Table  2  gives  typical  short  term  stabilities  (  2  sam¬ 
ples  Allan  variance  )  measured  at  5  and  10  MHz  with 
BVA  or  QAS  resonators  on  the  passive  reference  system 
(  T  =  10  s). 
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F  requency  Cut  Overtone  /  Desitji 

^ y  (S’  =  10  s  ) 

5  MHz  SC  3rd  01  BVA 

(  F igure  1 0  ) 

4,2.10’’^ 

10  MHz  SC  5th  01  BVA 

QAS 

'  Figures  11  -  12  ) 

4,5. 10”'^ 
5,8.10'^^ 

10  MHz  SC  3rd  01  QAS 

{  Figure  13  ) 

3,1.10’’^ 

TABLE  2 


Table  3  gives  the  short  term  stability  of  some  typical 
resonators,  measured  either  with  passive  reference 
system  or  with  oscillators. 


One  can  see  that  between  10  and  100  s  the  oscillator 
offers  better  performance  than  the  passive  system. 

We  do  believe  that  we  have  not  yet  reached  the  proper 
limits  of  the  crystal  resonators. 


In  order  to  overcome  the  problem  of  the  stability  of 
the  reference  used,  we  have  performed  a  measurement 
of  three  oscillators,  in  the  same  time,  by  the  cross 
variance  method  (  1  ).  The  three  oscillators  under 

test  were  measured  through  their  LF  beating  frequen¬ 
cies.  For  =  10  s,  the  experimental  datas  were  : 


2,5.10 


In  the  conditions  of  simultaneous  measurements, 

J.  Groslambert  have  shown  that  we  can  solve  directly 
this  system  by  the  relations. 


This  simple  calculation  leads  to  : 


To  perform  the  measurements  shown  on  tables  2  and  3, 
the  same  short  term  reference  was  used  (  BVA  5  MHz  ). 


Passive  reference 

Oscillator 

BVA  5  MHz  3rd  01 

4,2.10'^^ 

3,1.10*^^ 

BVA  10  MHz  5Th  OT 

-1  5 

4,5.10 

3,7.10'^^ 

QAS  10  MHz  3rd  01 

1 

o 

2,5.10"^^ 

TABLE  3 

lable  3  shows  clearly  that  the  values  observed  with  an 
oscillator  are  lower  than  those  observed  with  the  pas¬ 
sive  reference  system. 

The  oscillators  used  in  these  measurements  were  spe¬ 
cially  designed  for  short  term  performance,  iney  in¬ 
volve  low  noise  electronic  design,  highly  miniaturised 
ovens  with  PID  control  (  2  ). 


:  3,4.10"'^  =  1,1. 10"''^  r,  2,3.10"'^ 

-1 3 

indicating  that  values  close  to  1.10  are  achievable 
by  these  oscillators.  The  resonators  were  HAS  3rd  OT 
in  oscillators  A  and  B  and  BVA  in  oscillator  C. 

On  alternative  method  usable  to  identify  the  short 
term  stability  is  to  use  a  3  samples  method  instead 
of  2  samples  in  the  Allan  variance. 

The  stability  calculated  by  this  method  is  given  by 

O’  . 

This  way  of  calculation  forgets  the  mean  slope  of  fre¬ 
quency  drift  and  gives  the  frequency  distribution 
around  this  mean  slope. 

With  this  method,  the  3  previous  oscillators  were 
founded  ,  for  =  10  s  : 

2,4.10'''^  1,7.10'''^  2,8.10-’'^ 


Figure  13  gives,  for  example,  the  short  term  stability 
measured  with  the  passive  reference  system  (  solid 
line  )  and  the  complete  oscillator  (  dashed  line  ). 
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The  same  calculation  leads  to 


=  2,3.10'’^  =  6,9.10*’^  =  1,6.10'''’ 

These  results  show  that,  disregarding  the  initial 
slope  of  freguency  drift,  short  term  stability  in 
terms  of  parts  in  10  are  achievable  with  QAS  reso¬ 
nators. 

An  other  mean  to  overcome  the  limitation  due  to  the 
short  term  stability  of  the  reference  oscillator  is 
to  compare  the  oscillator  to  an  H2  Maser  which  has  a 
lowest  contribution  than  1.10  for  ?  =  10  s. 

Such  experiments  are  actually  on  course  at  the  "  La- 
boratoire  de  I’Horloge  Atomigue  "  of  Professor  Audoin 
in  the  Faculte  des  Sciences  of  Orsay. 

-  4  )  FREQUENCY  RETRACE  AND  WARM-UP  IIME 

In  equipment  submitted  to  intermittent  operation,  for 
mobile  communications  for  example,  frequency  retrace 
and  warm-up  time  are  required  as  small  as  possible. 

For  definition  of  performances,  we  generally  perform 

a  frequency  retrace  measurement  24  H  after  the  power 

supply  turned  off.  In  these  conditions,  up  to  date 

requirements  can  be  a  frequency  error  less  than 
_9 

+  1.10  after  10  minutes. 

Such  specification  is  difficult  to  meet  with  classical 
resonators. 

Figure  14  gives  a  typical  example  of  frequency  retrace 
of  a  new  oscillator  using  both  a  PID  oven  and  a  QAS 
3rd  OT  SC  Cut  resonator.  Frequency  error  as  low  as 
2.10  after  100  min.  is  observed  and  the  1.10  ^ 
window  is  reached  within  10  minutes  after  turn-on 
(  power  consumption  less  than  S  W  ). 

-  5  '  AGEING 

If  most  of  the  low  G  sensitivity,  low  retrace  speci¬ 
fications  are  related  to  classical  ageing  requirements 
one  observe  actually  a  strong  interest  for  very  low 
ageing  rate  resonators  for  continuous  operation. 

Ageing  less  than  +  1.10'^'  /  day  is  now  requested 
and  this  is  an  area  for  which  well  designed  BVA  reso¬ 
nators  could  be  the  key-word  of  the  solution. 


Figure  15  gives  the  frequency  drift  during  the  pre¬ 
ageing  period  (  1  month  )  of  an  oscillator  using  a 

_9 

BVA  resonator.  After  a  step  of  1.10  during  the 

first  2  days,  the  frequency  of  the  oscillator  decrea- 

-10 

ses  with  a  mean  slope  of  2.10  /  month. 

Figure  16  gives  the  frequency  drift  observed  during 

the  10  following  days.  Mean  slope  is  approximately 
-11  -in  -17 

4.10  in  10  days  {  1,2.10  /  month  or  4.10  per 

day  ) . 

On  figures  15  and  16,  the  dashed  lines  indicate  a 

-9 

slope  of  2.10  /  month.  The  CEPE  experiments  on 

ageing  indicate  that  : 

.  10  MHz  QAS  3rd  OT  resonators  exhibit  typical  ageing 

-9 

around  5.10  /  month 

.  10  MHz  QAS  5Th  OT  resonators  (  or  5  MHz  QAS  3rd  OT  ) 

-9 

can  provide  intermediate  slopes^  less  than  1.10 
per  month. 

.  10  MHz  BVA  5Th  OT  resonators  (  or  5  Mhz  BVA  3rd  OT  ) 
offer  the  best  ageing  rate  available  today  :  one  or 
two  p'lrts  in  10'"’  per  month  can  be  achieved. 

We  are  still  on  work  to  find  the  mean  slope  and  the 
total  frequency  drift  of  oscillators  after  a  longer 
period  of  time  (  6  months  -  1  year  )  of  continuous 
operation. 

CONCLUSION 

The  introduction  of  BVA  and  QAS  design  resonators 
have  opened  new  ways  to  meet  the  requirements  of 
oscillators  for  use  in  modern  equipments  (  communica¬ 
tions,  local  positionning  ). 

To  reach  the  full  benefit  of  these  resonators,  we 
have  built  up  new  oscillators  which  use  miniaturised 
ovens  with  PID  control  and  appropriate  electronic 
design. 

Typical  values  on  ageing,  short  term  stability  or  G 
sensitivity  are  now  achievable  with  an  improvement  of 
10  compared  to  today's  best  commercial  oscillators. 

The  ageing  drift  shown  by  a  BVA  type  oscillator  can 
-12 

range  around  5.10  per  day  after  a  short  pre-ageing 
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period  of  time. 

If  proper  resonator  processing  is  applied,  short  term 

stability  I  Allan  variance  )  can  be  measured  less 

- 1  3  -13 

than  5.10  from  1  to  100  s  (  typical  2.10  at 

10  s  :. 

G  sensitivity  of  resonators  (  10  MHz  or  10,230  MHz  in 

HC  40,  5  MHz  or  5,115  MHz  in  T  3516  )  can  be  as  low  as 
-10  , 

2.10  '  G  on  industrial  basis  if  appropriate  moun¬ 

ting  configuration  is  used. 

Frequency  retrace  and  warm-up  time  can  be  very  low  and 
these  resonators  were  shown  to  be  strongly  shock  and 
vibration  resistant  which  allows  their  use  in  military 
or  space  applications. 

Future  developments  will  deal  with  long  term  ageing 
1  less  than  1.10  per  year  )  and  with  highest  fre¬ 
quencies  (  20  MHz  ....  ). 
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Figure  3  :  T  3516  and  T  2111  cans  for 
BVA  and  QAS  resonators 
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PRELIMINARY  RESULTS 
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Summary 

Improvements  of  both  short  and  long  term  stabilities  of 
quartz  crystal  resonators  can  be  obtained  by  cooling  to 
very  low  temperatures.  According  to  larger  Q-factors 
and  to  the  reduction  of  the  noise  levels  of  the  crystal 
and  the  electronics,  the  short  term  stability  must  be 
increased.  The  diffusion  mechanisms  of  the  impurities 
being  frozen,  lower  ageing  is  expected.  Measurements 
are  performed  with  the  only  crystal  resonator  in  liquid 
helium  ;  the  electronics  composed  of  a  frequency  source 
and  a  phase  lock  loop  is  at  room  temperature.  The  sta¬ 
tic  and  dynamic  temperature  coefficients  are  first  eva¬ 
luated.  As  expected  from  the  theory  the  a  coefficient 
IS  found  to  be  much  smaller  than  at  room  temperature.  A 
medium  quality  AT-cut,  5  MHz,  5th  overtone  crystal  is 
studied.  Over  10  sec  its  stability  at  1.5  K  is  2x10"^^, 
and  the  ageing  over  a  day  is  of  the  order  of  10"  . 
These  results  correspond  to  an  improvement  by  a  factor 
10  of  the  stabilities  of  this  crystal  from  room  tempe¬ 
rature  to  low  temperature. 


Introduction 


The  application  to  frequency  standards  would  be  of 
course  limited  to  a  laboratory  environment  on  account 
of  the  heavy  cryogenic  technology.  However  these  expe¬ 
riments  lead  to  some  evaluation  of  the  ultimate  stabi¬ 
lity  of  quartz  crystal  and  understanding  of  its  funda¬ 
mental  properties. 


Quartz  crystal  properties  at  low  temperatures 
Acoustic  attenuation  and  Q-factor 

The  acoustic  attenuation  is  mainly  due  to  phonon  inter¬ 
actions  which  involve  one  sound  wave  phonon  and  two 
thermal  phonons  in  three-phonon  processes^.  The  modeli- 
zation  of  the  processes  can  be  made  in  tbe  approxima¬ 
tions  of  high  or  low  temperatures. 

At  high  temperature  the  Q-factor  (or  the  acoustic  atte¬ 
nuation  a,  both  being  related  by  2QSpa  =  Q  p)  is  given 
by 

1  =  cr<Y^>  apT  ^ 

Q  E  l+Q^x^ 

0  0 


The  frequency  stability  of  quartz  crystal  oscillators 
IS  limited  at  short  term  by  the  noise  of  the  electro¬ 
nics  of  the  sustaining  and  the  output  amplifiers  and 
the  noise  of  the  crystal  itself.  In  addition  perturba¬ 
tions  can  be  due  to  the  influence  of  temperature  fluc¬ 
tuations  and  diift.  At  long  term,  the  frequency  ageing 
comes  from  impurity  diffusion,  stress  relaxation,  etc. 
The  improvements,  which  have  been  achieved  during  the 
past  years,  are  due  to  a  better  quality  of  the  resona¬ 
tors,  the  utilization  of  electronic  components  with 
lower  noise,  the  choice  of  crystals  with  better  purity. 
More  precise  temperature  compensation  was  made  by  using 
new  crystal  cuts,  and/or  more  stable  temperature  con¬ 
trolled  ovens.  Such  improvements  are  obtained  step  by 
step  and  take  a  long  while. 

One  possibility  of  reducing  the  instabilities  consists 
in  cooling  the  quartz  resonator,  and  eventually  the 
electronics,  down  to  liquid  helium  temperature.  At  very 
low  temperature  higher  Q-factors  are  obtained  according 
to  the  decrease  of  the  acoustic  attenuation.  The  white 
noise  IS  reduced  as  the  square  root  of  temperature 
(Nyquist's  law).  The  1/f  frequency  fluctuations  of  the 
resonator  are  also  reduced  following  the  increase  in 
Q-factor.  As  it  becomes  more  difficult  for  impurities 
to  escape  from  their  potential  wheels  and  therefore  to 
diffuse,  better  long  term  stability  can  be  expected. 
Finally  the  temperature  of  the  liquid  helium  bath  can 
be  controlled  with  accuracy  and  this  enables  to  mini¬ 
mize  the  influence  of  thermal  perturbation.  All  these 
parameters  change  in  such  a  way  that  improvement  of  the 
frequency  stabilities  seems  feasible. 


where  T  is  the  absolute  temperature,  C  the  specific 
heat,  Y  an  effective  Griineisen  constant,  Eq  the  low 
frequency  Young  modulus,  Qg  the  sound  wave  angular  fre¬ 
quency  and  T  the  mean  thermal  phonon  relaxation  time. 
Sg  IS  the  mean  sound  wave  velocity. 


At  low  temperature  it  can  be  considered  that  the  ther¬ 
mal  phonons  always  are  in  thermal  equilibrium.  A  sim¬ 
pler  calculation  leads  to 


Q 


7  koT  k  1 

<Y^>  hC^(-^)  _L 


(2) 


which  indicates  a  T**  dependence  law  versus  temperature 
(h  and  are  the  Planck's  and  Boltzmann's  constants). 
The  junction  between  the  two  models  is  not  easy  to  do. 
Experimentally  it  corresponds  to  a  peak  of  maximum 
interaction  for  T  =  20K,  as  shown  in  Fig.  1.  Eventually 
a  large  absorption  can  appear  around  T  =  50K.  It  cor¬ 
responds  to  the  relaxation  of  Na"*"  interstitial  impuri¬ 
ties.  This  curve  shows  that  to  obtain  a  net  gain  in 
Q-factor  it  is  necessary  to  cool  the  crystal  below  10K. 
In  principle  lower  the  temperature  higher  the  Q-factor. 
Therefore  the  crystals  were  operated  between  IK  and 
1.5K.  These  temperatures  correspond  to  superfluid 
helium,  which  has  the  advantage  to  be  more  stable. 


On  table  I  are  given  the  values  of  the  unloaded 
Q-factor  of  different  resonators  at  1.5K  or  4.2K.  The 
dispersion  of  these  values  can  be  interpreted  by  the 
presence  of  a  floor  due  to  the  influence  of  the  moun¬ 
ting  or  of  the  wave  scattering  by  point  defects. 


•  G.  Robichon  is  from  the  Compagnie  d'E lectronique  et  Pidzo^lectricitd  (CEPE),  Arqenteuil,  France, 
and  presently  detached  at  LPMO  where  the  study  was  performed. 
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lig.  1  :  Static  frequency-terpperaturc  characteristics 

The  total  frequency  excursion  on  the  all  temperature 
scale  IS  important.  Measurements  performed  on  a  large 
number  of  units  gave  in  average  :  F(300K)  -  F(4.2K)  r 
5  700  Hz. 


lig.  1  :  Acoustic  attenuation  versus  teinpcraturc 
of  a  ?  Mir.  stli  overtone  AT  cut  crystal 
(The  dotted  peak  corresponds  eventually 
to  Xa'^  iirpurity  relaxation) 


Resonators 

QqxIO®  at  4.2K 

QqxIO^  at  1.5K 

AT 

#  F6 

29 

AT 

El 

34 

AT 

T  1102 

12 

AT 

BC  81 

28 

AT 

G4 

91 

150 

AT 

B4 

18 

AT 

BO  87 

25 

AT 

11 

5 

9 

FC 

246 

6 

FC 

247 

4.4 

4.4 

SC 
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Table  I 

Q-factors  at  low  temperature  of  different  5  MHz 
crystals 


The  dynamic  temperature  coefficient  was  evaluated  at 
1.5K  by  modulating  at  .1  Hz  the  temperature  of  the  oven 
within  the  helium  bath  and  recording  the  corresponding 
frequency  change.  The  a  coefficient  can  be  deduced  from 
the  phase  difference  between  frequency  and  temperatu¬ 
re.  As  shown  in  Fig.  3  this  phase  difference  is  small. 
Thus  a  cannot  be  measured  precizely,  but  ^^^ts  upper 
limit  can  be  evaluated.  This  yields  a  <  6x10"  s/K. 


Fig.  3  :  Frequency  variation  induced 
by  a  Terqierature  irodulation 


Thermal  behavior 

The  static  frequency-temperature  characteristics  are 
represented  in  Fig.  2  for  AT  and  FC  cut  crystals.  As 
expected  from  the  theory  the  temperature  coefficient  of 
the  frequency  of  the  AT  crystal  decreases  and  is  of  the 
order  of  a  few  10*^ A  near  T  =  1.5t<.  More  surprising  is 
the  behavior  of  the  FC  crystal,  which  exhibits  a  turn¬ 
over  point.  This  IS  not  interpreted  yet,  but  remembers 
some  similar  behaviors  observed  in  amorphous  solids 
with  the  relaxation  of  two-level  systems. 


The  a  coefficient  is  inversely  proportional  to  the 
thermal  diffusivity  constant  x  ,  as 


a  depends  on  the  thermal  conductivity  k  ant  the  speci¬ 
fic  heat  C  (p  IS  the  specific  mass  which  slightly  va¬ 
nes  with  temperature).  Their  dependence  versus  tempe¬ 
rature  18  given  in  Fig.  4.  X  is  almost  the  same  at  1.3K 
and  at  room  temperature,  even  if  it  experiences  a 
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strong  variation  around  10K.  But  the  specific  heat  C 
tremendously  decreases  and  at  low  temperature  can  be 
several  orders  of  magnitude  lower  ;  this  explains  the 
very  small  value  of  a  which  has  been  observed. 


proportional  to  [e^]  therefore  to  T  .  This  will 
correspond  at  low  temperature  to  a  reduction  by  appro¬ 
ximately  one  order  of  magnitude. 


Tcniiic  rat  lire  (K) 


l  i^.  4  :  Thermal  conduct  iv it \-  and  specific  heat 
of  (iiiart:  as  a  function  of  temperature 


Noise 

Thermal  white  noise  is  represented  by  Nyguist's  law, 
~2 

i.e.  e  -  tikg  TRAf  where  R  is  the  equivalent  noise 
resistance  and  6f  the  bandwidth  of  the  system.  The  cor¬ 
responding  phase  and  frequency  fluctuation  will  be 


1/f  noise  is  present  in  quartz  crystals,  and  it  has 
been  shown  that  its  level  is  related  to  the  unloaded 
Q-factor  of  the  resonator.  The  power  spectral  density 
of  the  1/f  frequency  fluctuations  Sy(f)  of  an  AT-cut 
crystal  was  measured  at  room  temperature  and  then  at 
4.2K  and  at  IK  The  results  (Table  II)  indicate  a 
larqe  decrease  of  the  noise  level  with  temperature, 
which  follows  the  increase  of  the  Q-factor. 


T  emperature 

500  K 

4.2  K 

1  K 

Qo 

2. A  10^ 

5  10^ 

9  10® 

Syd  Hz) 

1.6  10-^“* 

1.4  10-^^ 

3.5  10-^® 

Table  II 

Power  spectral  density  of  the  1/f  frequency 
fluctuations  of  a  5  MHz  quartz  crystal  versus 
temperature 


Low  temperature  dual  crystal  passive  system 

The  concept  of  dual  crystal  passive  system  **  seemed  to 
be  well  adapted  for  operating  a  crystal  in  liquid 
belium  .  The  schematic  diagram  of  the  system,  which 
has  been  used,  is  shown  in  Fig.  5.  It  consists  in 
locking  a  room  temperature  crystal  oscillator  to  the 
passive  resonator,  which  is  at  low  temperature.  The 
driving  signal  is  phase  modulated  and  interrogates  the 
crystal  in  reflection  by  means  of  a  directional  cou¬ 
pler.  Therefore  the  link  between  the  passive  resonator 
in  the  dewar  and  the  electronics  outside  the  dewar  is 
made  by  a  single  coaxial  cable  which  carries  the  inci¬ 
dent  or  reference  signal  and  the  reflected  one.  This 
allows  one  a  maxinxim  of  cable-effect  compensation  and 
IS  compatible  with  the  cable  length  (1  m  to  1.5  m)  due 
to  the  size  of  the  cryogenic  equipment.  After  interro¬ 
gation  and  detection  by  a  lock-in  amplifier  the  signal 


I  ip.  S  :  fiual  crystal  passive  system 
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IS  applied  to  the  frequency  tuning  input  of  the  oscil¬ 
lator.  This  system  is  equivalent  to  a  phase-lock-loop, 
which  acts  as  a  frequency  discriminator.  The  main  pro¬ 
blem  IS  in  the  adaptation  of  the  coaxial  cable  impedan¬ 
ce  to  the  crystal  impedance  ;  at  low  temperature  the 
motional  resistance  of  the  resonator  can  become  as 
small  as  a  few  ohms,  therefore  a  transformer  is  neces¬ 
sary  to  realize  this  impedance  matching  and  this  has  to 
be  adapted  to  each  individual  resonator,  because  of  the 
dispersion  of  the  values  of  the  motional  resistances. 
In  case  of  mismatching  and  a  too  important  standing 
wave  ratio  the  response  of  the  system,  i.e.  the  control 
voltage  as  a  function  of  the  driving  source  frequency 
IS  perturbed  by  spurious  effects.  The  response  is  shown 
in  Fiq.  6.  The  slope  of  this  characteristic  is  propor¬ 
tional  to  Q/P,  where  Q  is  the  loaded  Q-factor  of  the 
resonator  and  P  the  power  it  receives.  Increasing  the 
power  will  improve  the  accuracy  of  the  loop,  but  this 
has  a  limitation  due  to  the  nonlinearities  of  the  crys¬ 
tal  and  particularly  to  the  amplitude-frequency  effect. 
On  account  of  the  high  value  of  Q  the  applied  power 
cannot  exceed  a  few  pW. 


Ircqucncy  difference  (Hz) 

I'if.  6  :  fljicn  Phase  I.ock  l.oop  Respon.se 


Experimental  results 


Before  proceeding  to  frequency  measurements  the  stabi¬ 
lity  of  the  temperature  of  the  crystal  was  tested.  This 
was  achieved  by  using  an  SC-cut  crystal,  the  temperatu¬ 
re  fluctuations  being  measured  by  means  of  the  B-mode. 
The  resonator  during  the  operations  was  placed  in  a 
copper  can,  under  vacuum  and  in  contact  with  a  copper 
cylinder,  inside  the  can,  regulated  in  temperature.  The 
temperature  regulation  is  made  with  an  AC  Wheatstone 
bridge,  at  1  kHz,  using  a  germanium  resistor  as  tempe¬ 
rature  sensor  and  a  lock-in  amplifier  for  detection. 
The  heater  was  made  with  a  heating  resistor  in  contact 
With  the  copper  cylinder.  The  temperature  stability  of 
the  crystal  is  given,  in  Fig.  7,  for  operating  tempera¬ 
tures  at  A.2K  and  1.5K.  The  stability  at  1.5K  is  equal 
to  ZxIQ-’k  over  10  sec.  Considering  the  frequency- 
temperature  ch^acteristic  of  F iq.  2,  which  presents  a 
slope  of  6x10"’/k  at  that  temperature,  the  correspon¬ 
ding  frequency  fluctuations  would  be  of  the  order  of 
1x10'  .  At  this  level,  temperature  fluctuations  still 
can  be  a  limitation  in  the  performances. 


rip,.  7  :  Temperature  stability  at  l.SK  and  4.2K 


The  frequency  stability  was  measured  on  a  5  MHz  5th 
overtone,  AT-cut,  resonator  of  regular  type.  This  reso¬ 
nator  can  be  considered  to  be  of  medium  quality  since 
at  room  temperature  its  stability  (over  a  few  sec)  is 
of  the  order  of  10'*^^.  In  Fig.  8  comparison  is  made 
with  the  stability  obtained  when  operating  the  same 
crystal  at  low  temperature.  An  improvement  by  at  least 
one  order  of  magnitude  is  obtained.  These  residual 
fluctuations  come  rather  from  the  dual  crystal  passive 
system  than  from  the  crystal  itself  ;  the  driving  power 
being  low  on  account  of  the  strong  nonlinearities  of 
the  resonator.  Therefore  a  compromise  must  be  chosen. 


1-ip.  8  :  Short  term,  stability  of  a  5  Miz, 
5th  overtone,  AT-cut  quartz  resonator  at  room 
temperature  and  at  1.5  K 


On  Fig.  9  is  given  the  frequency  ageing  of  the  same 
resonator  again  at  room  temperature  and  at  1.5K.  It  is 
important  to  notice  that  the  frequency  ageing  at  low 
temperature  was  recorded  immediately  after  the  crystal 
was  cooled  down  and  the  power  turned  on.  No  ageing 
appears,  at  the  opposite  of  what  is  always  observed  at 
room  temperature,  and  the  residual  ageing  which  is 
lower  than  10*  Vday  is  rather  due  to  long  term  insta¬ 
bilities  of  the  phase  lock  loop  which  was  not  control¬ 
led  in  temperature. 
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Time  (Jays) 

Fig.  9  :  Frequency  ageing  at  .TOO  K  and  at  1.5  K 


Conclusion 


These  results  show  that  operating  a  crystal  at  very  low 
temperature  can  improve  its  stabilities  by  at  least  one 
order  of  magnitude.  The  dual  crystal  passive  system  was 
the  easiest  way  to  perform  these  preliminary  experi¬ 
ments.  However  some  limitations  come  from  the  signal 
over-noise  ratio  and  from  the  crystal  nonlinearities. 
It  would  be  most  interesting  now  to  repeat  this  measu¬ 
rement  by  using  a  conventional  oscillator  and  cooling 
at  the  same  time  cyrstal  and  electronics.  The  actual 
results  let  expect  for  the  future  performances  in  the 
range  at  short  term  and  the  10'^^/day  range  at 
long  term. 
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ABSTRACT 

Simple  thickness  modes  in  crystal  plates 
are  considered.  The  formalism  for  obtaining 
the  piezoelectric  coupling  coefficients  for 
thickness-  and  lateral-directed  exciting  electric 
fields  is  applied  to  berlinite  (A/PO4).  The 
laterally  excited  plate  resonator  is  represented 
by  transmission  line  equivalent  networks.  Thickness 
excitation  is  used  to  explore  experimentally  the 
coupling  strength  with  harmonic.  Lateral  excitation 
experiments  are  used  to  confirm  the  coupling  versus 
azimuth  dependence  of  the  modes.  Calculations 
of  temperature  coefficient,  thickness  and  lateral 
coupling  coefficients  are  extended  to  doubly  rotated 
orientations,  and  network  applications  to  SAW 
excitation  are  given. 

Key  Words:  aluminum  phosphate,  berlinite,  crystals, 
piezoelectricity,  plate  vibrations, 
equivalent  networks,  acoustic  loss, 
bulk  acoustic  waves,  surface  acoustic 
waves,  temperature  coefficient. 


INTRODUCTION 

Excitation  of  piezoelectric  plates  in  thickness 
modes  is  usually  accomplished  by  directing  the 
driving  electric  field  in  the  plate  thickness 
direction;  this  is  known  as  thickness  excitation 
(TE).  Much  less  common  is  excitation  by  a  field 
in  the  plane  of  the  plate;  this  has  received  some 
attention  over  the  years  /1-34/,  and  is  referred 
to  as  lateral  excitation  (LE).  The  older  phrase, 
"parallel-field  excitation"  is  ambiguous,  and 
is  now  deprecated.  Lateral  excitation  has  a  number 
of  potential  advantages  over  TE  for  certain  applica¬ 
tions.  We  call  attention  to  some  of  these  in 
our  use  of  LE  in  conjunction  with  calculations 
of,  and  experiments  on,  plates  of  alpha  aluminum 
phosphate  (berlinite). 

Berlinite  is  a  more  highly  piezoelectric  analog 
of  quartz,  possessing  numerous  surface  and  bulk 
wave  cuts  with  quite  good  frequency  -  temperature 
behavior.  Although  the  substance  has  been  known 
for  more  than  thirty  years,  it  is  only  in  the 
past  eight  years  that  serious  interest  has  focused 
on  it,  particularly  for  SAW  applications  /32-59/. 

Work  on  this  promising  crystal  has  been  hindered 
until  recently  by  lack  of  adequate  specimens  for 
research  purposes  and  by  uncertainty  regarding 
the  ultimate  availability  of  material  of  quality 
and  size  sufficient  for  commercial  application 
at  reasonable  cost.  These  crystal  synthesis  obstacles 
have  now  largely  been  surmounted,  and  assessment 
of  berlinite's  technological  viability  can  now 
proceed  on  the  straightforward  basis  of  its  material 
properties. 

LATERAL  EXCITATION 

Lateral  excitation  was  applied  to  quartz 
plates  by  Atanasoff  and  Hart  /!/  to  measure  the 
elastic  constants;  their  work  was  reviewed  by 
Cady  /2/.  Bechmann  73,4/  did  some  early  theoretical 


work;  this  was  followed  by  experimental  work  by 
Bechmann  /6,7,9,10/,  lanouchevsky  /8, 11-13/,  and 
Warner  /14/.  One  of  Bechmann 's  1  MHz  units  is 
shown  in  Fig.  1.  It  is  a  standard  biconvex  Bliley 
design  with  the  new  LE  electrode  pattern.  Figure 
2  shows  a  design  of  lanouchevsky  at  2  MHz  with 
the  top  portion  of  the  glass  envelope  removed. 

The  combination  of  lens  shape  and  special  mounting 
jaws  yielded  an  exceedingly  high  Q.  A  patent, 
awarded  to  Bechmann  /15/,  is  seen  in  Fig.  3.  This 
shows  some  possible  electroding  arrangements  for 
LE,  including  removal  of  some  of  the  central  electrode 
material  from  the  plate  to  reduce  its  damping  and 
aging  effects  on  the  resonator  active  region.  Compos¬ 
ite  excitation,  a  mixture  of  TE  and  LE,  is  also  featur¬ 
ed.  In  this  patent,  crystal  contour  is  not  mentioned, 
and  the  drawings  show  flat  plates.  If  the  plates 
are  not  contoured,  as  shown  in  Figs.  1  and  2,  the 
electrode  configuration  tends  to  "untrap"  the  vibratory 
energy  and  produce  degraded  performance.  Methods 
of  obtaining  "energy  trapping"  and  efficient  use 
of  the  applied  lateral  field  by  the  use  of  special 
geometries  has  recently  been  proposed  /71/. 

Some  of  the  reasons  advanced  for  the  study  and 
use  of  LE  are: 

•  lessened  thermal  transients  /14/. 

•  reduced  aging,  since  the  electrode  is  absent 
from  the  region  of  greatest  motion. 

•  higher  Q  values,  since  electrode  damping 
is  reduced. 

•  ability  to  eliminate  undesired  modes,  e.g., 
the  b  mode  in  SC-cut  quartz  /30/. 

•  increased  stability  at  a  given  harmonic, 
since  motional  inductances  are  larger. 

•  means  of  experimentally  driving  certain 
plate  modes  for  measurement. 

•  availability  of  certain  filter  configura¬ 
tions  729/ . 

•  similarity  to  the  predominant  excitation 
arising  from  SAW  IDTs  770/. 

EQUIVALENT  NETWORKS 

Input  immittances  for  TE  and  LE  of  the  three 
thickness  modes  of  traction-free,  laterally  unbounded, 
piezoelectric  plates  are  given  in  Fig.  4.  One  recog¬ 
nizes  a  duality  between  the  two  canonical  forms  of 
excitation.  The  modes  (including  harmonics)  are 
driven  via  the  piezoelectric  coupling  coefficients 
k  and  k,  the  calculation  of  which  will  be  outlined 
subsequently.  Static  capacitance  values  Cq  and  Cq 
are  determined  by  the  electrode  systems;  Cp,  for 
the  TE  case,  is  usually  adequately  approximated  by 
the  formula  for  a  parallel  plate  capacitor;  the  ^ 
value  (LE)  requires  a  more  difficult  calculation, 
and  depends  upon  gap  width  and  length,  as  well  as 
thickness  of  plate,  etc. 

The  LE  admittance  in  Fig.  4  is  exactly  realized 
by  the  network  of  Fig.  5.  The  negative  Cq,  appearing 
In  the  TE  version,  is  absent.  Bisection  of  Fig.  5 
yields  Fig.  6.  Figure  5  is  redrawn  in  Fig.  7  for 
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the  case  of  a  single  mode  excited;  the  position  of 
Cgis  also  reoriented  to  correspond  to  the  direction 
of  the  applied  field  which  is  obtained  from  voltage 
between  terminals  A  and  B.  Inductances  Lj  and  L? 
model  the  presence  of  electrode  mass;  they  appear 
in  the  formulas  to  be  given  below  for  the  vibrator 
critical  frequencies  for  the  important  case  of  Lj 
=  L2  =  L.  These  should  not  be  confused  with  motional 
inductance  appearing  in  the  traditional  Butterworth- 
Van  Dyke  equivalent  circuit  consisting  of  Cq,  Cj, 

Lj,  and  R^,  to  which  the  more  comprehensive  transmission 
line  networks  of  Figs.  5,  6,  and  7  may  be  reduced 
in  the  immediate  vicinity  of  resonance  for  materials 
such  as  quartz  where  the  piezoelectric  effect  is 
not  large.  For  substances  where  the  piezo  coupling 
is  substantial,  and/or  where  a  broadband  network 
representation  is  required,  the  transmission  line 
network  must  be  used.  In  Figs.  5,  6,  and  7,  the 
transformer  turns  ratios  n  are  related  to  the  piezo¬ 
electric  coupling  factors  k^  by 

n"  =  Co  c  A/(2h)  =  ^  k"  fg^  (4^) 

=Cok"fo(2Z),  (1) 

where  £0  is  the  lateral  static  capacitance;  c  is 
the  effective  elastic  stiffness;  A  is  a  patch  of 
area,  normal  to  the  thickness  direction,  represent¬ 
ed  by  the  transmission  lines;  Tn  is  the  total  mass 
of  that  portion  of  the  plate  (j)A2h);  Z  is  the  acoustic 
impedance  of  the  transmission  line  (A  j)  v);  p  is 
the  mass  density;  v  is  the  acoustic  velocity  (v^ 

=  c/p)i  2h  is  the  plate  thickness;  fo  is  the  nominal 
plate  fundamental  frequency  for  that  mode  (v/4h); 
is  the  acoustic  wavenumber  (<»’/v). 

Electrode  mass  loading  is  represented  by  the 
normalized  quantity 

p  *  m/(j)h),  (2) 

where  m  is  the  mass-loading  per  unit  area.  The 
inductance  L  in  the  equivalent  network  that  represents 
mass  loading  is  equal  to 

L  =mA  =  pAph.  Pj 

Frequency  variables,  used  below,  are  defined  as 
follows: 

X  =  ?ch,  and  (4) 

Si  =  2X/jr  =  f/fo-  (5) 

Input  reactances,  obtained  from  Fig.  4,  are 
plotted  for  LE  and  TE  in  Fig.  8.  The  differences 
between  the  excitation  types  are  most  apparent  in 
the  vicinity  of  the  resonances.  For  TE,  the  reactance 
poles  are  harmonic,  and  the  zeros  are  enharmonic; 
for  LE  the  situation  is  reversed.  The  LE  critical 
frequency  equations  are  found  as  described  in  Figs. 

9  and  10;  transverse-resonance  is  a  procedure  very 
like  the  negative  impedance  concept  /73/.  When 
p  =  0,  the  resonance  frequencies  of  the  various 
harmonics  are  integer  multiples.  For  this  case, 
the  graphical  construction  for  obtaining  the  anti¬ 
resonances  is  given  in  Fig.  11.  Here  it  is  seen 
that  the  pole-zero  separation  diminishes  rapidly 
with  harmonic.  Figure  12  plots  the  frequency  displace¬ 
ment  versus  £  for  various  harmonic  numbers  M 
=  1,3,5,...  The  displacement  is  defined  as 
r«)  (Ml  (M) 

=  M  M  -  f^  /fo;  (6) 

from  the  figure  the  pole-zero  separations  may  be 
found  for  any  value  of  £  and  H. 


COUPLING  FACTORS 

We  consider  plane  wave  propagation  to  take 
place  along  the  thickness  (X2)  axis  of  an  arbitrarily 
oriented  quartz  plate,  and  the  impressed  electric 
field  to  be  along  the  X’  axis.  The  plate  orientation 
/28/  is  specified  with  respect  to  the  crystallographic 
axes  by  the  rotations  / &  ,  and  the  Xj  xis 

of  the  electric  field  is  further  specified  by  a 
ccw  rotation  about  the  plate  thickness  (X2)  by 
angle  ,  as  seen  in  Fig.  13. 

The  formalism  for  determining  the  coupling 
factors  k|^  and  driving  mode  m  is  given  in  Figure 
14  in  schematic  form.  The  quantities  c,  e,  and 
6  are  the  material  elastic  stiffnesses,  piezo¬ 
electric  constants,  and  dielectric  permittivities, 

respectively.  These  calculations  will  be  carried 
out  for  berlinite  in  the  sequel,  as  they  have  been 
for  quartz  /63-66/. 

BERLINITE 

Alpha  aluminum  phosphate.  A/  PO4,  also  known 
as  berlinite,  is  of  crystal  class  32,  and  is  an 
isomorph  of  quartz.  Quartz,  shown  in  Fig.  15  in 
ideal  form,  has  the  enantiomorphic  molecular  forms 
given  in  Figs.  16a  and  b.  The  transition  to  berlin¬ 
ite  may  be  thought  of  by  considering  two  molecules 
of  quartz 

(Si  02)2  =  Si2  O4,  and  then  replacing  the 

two  silicon  atoms  (Column  IV  of  the  Periodic  Table): 
one  by  aluminum  (Column  III),  and  one  by  phosphorous 
(Column  V).  The  result  is  berlinite,  having  twice 
the  unit  cell  of  quartz.  The  chemical  bonding 
in  quartz  is  nearly  all  covalent;  with  berlinite, 
the  bonding  has  a  greater  ionic  component.  The 
piezoelectric  coupling  is  greater  than  in  quartz. 

The  above-mentioned  replacement  of  Si2  by  AZ  P 
is  also  shown  in  Fig.  16a, b. 

Growth  of  cultured  quartz  has  been  commercially 
viable  for  more  than  thirty  years;  Fig.  17  contains 
a  number  of  samples.  Berlinite  presents  a  number 
of  challenges  to  growth,  one  of  which  being  its 
retrograde  solubility.  However,  recent  advances 
in  its  growth  /72/  have  permitted  this  material 
to  be  synthesized  in  sizes  that  are  suitable  for 
commerce.  Figure  18  gives  representative  samples 
of  early  berlinite  growth,  along  with  an  early 
piece  of  cultured  quartz.  It  also  shows  some  plate 
specimens  used  for  LE.  Figure  19  shows  more  recent 
bars  of  berlinite  grown  by  Allied  Corporation. 

The  sample  plates  were  fashioned  from  bars  of  these 
types  whose  lengths  well  exceed  100  mm,  yielding 
plates  upwards  of  25  mm  on  a  side.  The  size  and 
quality  of  the  growth  specimens  ought  to  be  consider¬ 
ed  with  the  corresponding  quartz  growth  history 
in  mind.  The  growth  of  berlinite  has,  by  comparison, 
come  very  far  in  a  very  short  time. 

Figure  20  compares  frequency  constants  (v/2) 
for  the  TE  mode  of  rotated-Y-cuts  of  quartz  and 
berlinite  as  function  of  angle  theta.  Bechmann's 
constants  /62/  for  quartz  and  the  berlinite  constants 
of  Chang  and  Barsch  /34/  have  been  used.  It  is 
seen  that  A.^  PO4  is  slightly  slower  than  quartz, 
but  that  the  curve  shapes  are  very  similar.  The 
angles  marked  as  AT'  and  BT'  are  the  points  of 
zero  first-order  temperature  coefficient  in  analogy 
with  the  quartz  case.  For  the  values  of  /34/  these 
occur  at  +28.6'"  and  -37.3°;  using  the  newer  values 
of  Bailey,  et  al.  /59/,  the  angles  are  +31°  and 
-46°. 
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An  alternative  scheme  to  that  in  Fig.  14  for 
obtaining  ‘he  excitation  coefficients  for  TE  and 
LE  of  the  thickness  modes  of  plates  was  given  by 
Bechmann  /3,4/.  One  can  use  this  procedure  to  obtain, 
in  a  rapid,  though  approximate  manner,  information 
about  which  modes  are  driven  for  plates  of  various 
generic  orientations  and  electric  field  directions. 
Tables  1  and  2  list,  respectively,  the  excitation 
coefficients  for  TE  and  LE  of  crystals  in  class 
32,  i.e.,  berlinite  and  quartz.  The  m^  and  fi  are 
direction  cosines  of  the  plate  and  field,  respectively, 
and  the  3  i  are  the  coefficients  driving  the  modes 
/23/. 

Table  3  is  a  brief  comparison  of  piezocoupl ing 
and  temperature  coefficient  for  five  materials; 
it  is  seen  that  berlinite  falls  in  the  gap  between 
lithium  tantalate  and  quartz,  and  has  a  zero  tempera¬ 
ture  coefficient  as  do  the  other  two.  It  is  unknown 
at  present,  and  of  considerable  interest,  whether 
or  not  AX  PO4  possesses  a  locus  of  stress  compensation 
as  does  quartz;  nor  is  it  known  the  sizes  of  the 
temperature  coefficients  of  the  coupling  factors. 

These  temperature  coefficients  can  drastically  affect 
the  temperature  behavior  of  a  resonator  when  operated 
in  the  region  between  resonance  and  antiresonance, 
as  is  the  case  with  certain  cuts  of  lithium  tantalate 
/36/. 

PLATE  SAMPLES 

Plates  used  for  these  investigations  were  grown 
and  prepared  by  Allied  Corporation,  and  are  of  five 
orientations:  X,  Y,  AND  Z  cuts,  and  (YXi  )  ±  45“ 
plates.  All  are  roughly  rectangular  in  outline  and 
between  15  and  20  mm  on  a  side;  final  thicknesses 
are  approximately  0.560  to  0.570  mm.  These  had  been 
first  lapped  with  3  micrometer  alumina  powder  from 
0.69  to  0.57  mm,  and  then  polished  with  Nalco  1060 
amorphous  silica  solution.  Parallelism  of  the  major 
surfaces  is  about  one  wavelength.  All  crystals  are 
left-nanded;  they  were  measured  optically,  with  con¬ 
firmation  from  squeeze  tests  and  surface  morphology. 

MEASUREMENT  EQUIPMENT 

The  measurements  reported  here  are  of  two  kinds: 
(1)  LE  measurements  of  the  three  thickness  modes  a, 
b,  and  c,  versus  azimuth  angle  psi,  for  the  purpose 
of  verifying  the  calculated  azimuthal  dependence  of 
and  the  relative  mode  strengths  and  maxima  with 
respect  to  the  crystallographic  axes;  (2)  TE  measure¬ 
ments  on  various  harmonics,  for  the  purpose  of  explor¬ 
ing  the  coupling  factor  dependence  on  harmonic.  The 
apparatus  is  shown  in  Figure  21.  It  consists  of  a 
Generator/Sweeper  HP  8601A,  Network  Analyzer  HP 
8407A,  Phase-Magnitude  Display  HP  8412A,  Frequency 
Counter  HP  5245L,  Wayne-Kerr  B801  Bridge,  Anzac 
H-1  hybrid,  variable  air  capacitor  GR  874-VC,  and 
special  air  gap  fixtures  for  TE  excitation  /74/, 
and  LE  excitation  (Fig.  24).  With  these  items  swept- 
frequency  /67-69/,  balanced  and  unbalanced  bridge 
768,69/  measurements  could  br  made. 

TE  HARMONICS 

Table  4  lists  measured  and  calculated  approxi¬ 
mate  frequencies  at  maximum  admittance;  in  some 
cases  the  admittance-frequency  curve  had  two  adjacent 
peaks  leading  to  a  loss  of  accuracy.  The  plate 
in  this  instance  is  a  45“-rotated-Y-cut  on  the  AT' 
side.  Similar  results  were  obtained  with  other 
samples.  Harmonics  from  1  to  41  were  observed, 
along  with  resonance  amplitude  in  dB.  Figure  22 
shows  four  of  the  spectrographs  for  harmonics  M  =  1, 

3,  5,  and  21.  The  unusual  feature  of  the  data  for 


measurements  on  berlinite  as  function  of  harmonic 
is  that  the  mode  strength  decreases  much  less  rapidly 
than  is  to  be  expected,  even  taking  into  account 
the  mode  shape  for  overtones  of  finite  plates.  Thus 
the  effective  Q  value  at  a  given  harmonic  is  better 
than  one  would  infer  from  measurements  made  at  the 
fundamental.  This  may  be  related  to  a  limiting 
Q  value  occurring  at  low  frequencies  rather  than 
(Q-f)  being  a  constant  for  all  frequencies.  For 
quartz,  (Q-f)  equals  a  constant,  at  room  temperature, 
excluding  losses  other  than  due  to  buK  viscosity, 
had  been  inferred  from  measurements  on  BAW  plates 
/60,61a/.  As  seen  in  Fig.  23  /61b/,  a  more  probable 
internal  friction  curve  for  quartz  calls  for  Q  to 
approach  a  constant  at  low  frequencies.  The  same 
may  be  true  for  AXPO4,  and  this  may  explain  both 
the  results  in  Table  4  and  the  generally  observed 
fact  that,  on  a  prorated  basis,  berlinite  appears  to 
have  better  loss  behavior  in  higher  frequency  SAW 
devices  than  in  lower  frequency  BAW  configurations. 

UNROTATED  CUTS 

Figure  24  is  a  picture  of  the  LE  apparatus.  A 
crystal  sample  is  placed  on  the  plastic  turntable 
that  is  mounted  on  the  12:1  reduction  gearbox  housing. 
Thin  paper  shims  support  the  specimen  on  the  turntable 
at  its  edge  regions.  Translation  tables  are  used 
to  position  the  slightly  canted  razor  blades  over 
the  sample.  The  height  of  the  blade  edges  from 
the  crystal  are  adjustable,  as  is  the  blade  gap. 

In  general,  the  crystal-toblade  height  was  kept 
as  small  as  possible,  so  that  the  blade  edges  nearly 
touched  the  sample;  the  gap  was  adjusted  for  maximum 
response.  This  arrangement  does  not  produce  optimum 
excitation  /71/,  but  is  adequate  for  exploring  the 
azimuthal  dependence  of  coupling  (J^). 

In  Fig.  25  is  indicated  the  expected  output 
of  a  hybrid  bridge  or  Wayne-Kerr  bridge  with  Cp 
balanced  out;  the  output  is  proportional  to  _ks 
and  the  dependence  cn  azimuth  psi  goes  approximately 
as  the  cosine  squared. 

Computations  made  in  this  paper  are  from  Bailey, 
et  al.,  /59/,  with  some  comparisons  with  the  data 
of  Chang  and  Barsch  /34/.  Table  5  lists  values  of 
frequency  constant  N^,,  TE  coupling  factor  kp,,  and 
LE  coupling  factors  (4^=0°)  and  ^  ('f'=  90°) 
for  X-,  Y-,  and  Z-cut  berlinite;  m  is  the  mode  index: 
m  =  a,  b,  or  c.  It  is  seen  that  the  modes  not  driven 
by  TE  in  X  and  Y  cuts  are  driven  by  LE,  and  vice 
versa.  The  Z  cut  can  be  LE-  driven  /2,  page  442/; 
the  b  and  c  modes  are  degenerate,  and  the  psi  angle 
is  of  no  consequence.  The  coupling  factors  and 
associated  capacitance  ratios  for  X-cut  berlinite 
are  given  in  Figs  26  and  27,  respectively.  Figure 
28  is  an  example  of  the  results  obtained.  With 
the  field  applied  on-axis,  the  response  was  maximum, 
as  expected;  as  psi  was  continuously  varied  by  rotating 
the  turntable,  via  the  gear  reduction  box,  the  coupling 
strength  diminished  continuously,  closely  following 
the  cos^if  law.  The  figure  shows  the  spectrograph 
at  psi  equals  45“  where  the  strength  is  reduced 
to  one-half. 

Coupling  factor  and  capacitance  ratio  plots 
are  given  in  Figs.  29  and  30  for  the  Y  cut,  and 
in  Fig.  31  is  shown  the  shear  mode  coupling  for 
the  Z  cut. 
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SINGLY  ROTATED  CUTS 


Table  6  lists  N^.  and  values  for  three  rotated- 
Y-cut  orientations.  Here,  again,  an  X-directed 
field  drives  those  modes  that  can't  be  driven  by 
TE,  and  vice  versa,  whereas  the  LE  field  at  psi 
equals  90°  drives  the  TE  modes.  Coupling  values 
for  LE  are  generally  comparable  to  those  for  TE. 

Figure  32  plots  the  TE  coupling  versus  theta  angle; 
corresponding  plots  for  LE  at  psi  equals  0°  and 
90°  are  given  in  Figs.  33  and  34.  Coupling  and 
capacitance  ratio  versus  azimuth  are  plotted  in 
Figs.  35  and  36  for  a  (YX.t)-45°  plate  (BT'  side). 

The  spectrographs  corresponding  to  Fig.  28  are  given 
in  Fig.  37  for  this  cut.  Coupling  factors  and  capac¬ 
itance  ratios  versus  psi  for  (YX/)+30°  and  +45° 
plates  are  shown  in  Figs.  38-41. 

TEMPERATURE  COEFFICIENTS 

The  first-order  temperature  coefficients  (TCs) 
of  rotated-Y-cut  berlinite  are  graphed  in  Figs. 

42-44  for  the  a,  b,  and  c  modes,  respectively. 

The  complete  loci  of  zeros  of  the  first-order  TCs 
for  modes  b  and  c  are  shown  in  Fig.  45;  the  correspond¬ 
ing  values  according  to  /34/  are  given  in  Fig.  46. 

First-order  TCs  for  doubly  rotated  cuts  (YXw.£) 
12°/ are  given,  for  modes  a,  b,  and  c,  in  Figs. 

47-49;  the  corresponding  values  from  /34/  are  seen 
in  Fig.  50,  and  do  not  show  much  difference. 

DOUBLY  ROTATED  CUTS 

The  TE  and  LE  coupling  factors  are  plotted 
versus  theta  for  doubly  rotated  plates  having  phi 
equals  12°  in  Figs.  51-53.  In  Table  7  are  listed 
several  cuts  having  zero  TC  for  mode  b,  including 
the  BT'  cut.  Figure  54  gives  the  LE  coupling  squared 
values  versus  psi  for  the  BT'  cut,  and  Fig.  55  plots 
the  LE  coupling  squared  values  for  the  plate  having 
<P  =  12°  and  6  =  -29°. 

Table  8  contains  values  for  cuts  on  the  c  mode, 
zero  TC  locus,  including  the  AT'  cut.  The  AT'  plot 
is  given  in  Fig.  56  as  coupling  factor  squared. 

Figure  57  gives  the  same  information  for  the  cut 
with  <p  =  12°  and  6  =  +58°. 

SAW  EXCITATION 

Surface  acoustic  wave  excitation  may  be  modeled 
by  the  network  schematic  shown  in  Fig.  58.  The 
quasi-Rayleigh  wave  motion  may  be  considered  as 
an  appropriate  superposition  of  plane  waves,  driven 
by  LE  via  the  transmission  line  transformers  in 
analogy  with  the  figures  for  networks  describing 
plate  thickness  modes.  The  "crossed-field,"  i.e., 

LE,  model  is  the  more  accurate  for  representing 
SAW  excitation  /70/. 
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Figure  6.  Bisected  version  of  Figure  5. 


Figure  7.  Single  mode  equivalent  LE 
network. 


Figure  8.  Reactance  versus  frequency 

comparison  of  TE  (harmonic  anti- 
resonances)  and  LE  (harmonic 
resonances). 
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Figure  9.  Determination  of  resonance  fre¬ 
quency  equation  from  bisected 
version  of  Figure  7. 
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Figure  10.  Determination  of  anti  resonance 
frequency  equation  from  bisected 
version  of  Figure  7. 


Figure  11.  Graphical  construction  for  the 
frequencies  of  auLE  plate. 
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FREQUENCY  DISPL 


Figure  12.  Frequency  displacement  versus 

lateral  coupling  as  function  of 
harmonic. 


Figure  13.  Definition  of  plate  azimuth  angle 
psi. 
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Figure  15.  Enantiomorphs  of  quartz. 
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Figure  16a.  Molecular  construction  of  right- 
handed  quartz  and  berlinite. 
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Figure  16b.  Molecular  construction  of  left- 
handed  quartz  and  berlinite. 


Figure  14.  Formalism  for  computing  the  TE  (k^,) 
and  lateral  (k^i)  coupling  factors. 


Figure  17.  Cultured  quartz  bars.  Lengths 
typically  are  200  mm. 


Figure  18.  1940s  vintage  cultured  quartz 

(bottom);  1980s  vintage  berlinite 
(center);  1970s  vintage  berlinite 
(8,  10,  S  1  o'clock);  sample  ber¬ 
linite  plates  for  measurements 
reported  in  this  paper,  cut  from 
larger  crystals  of  the  type  shown 
in  Figure  19. 


Figure  19.  Allied  Corporation  berlinite.  Th 
larger  samples  are  well  in  excess 
of  100  mm  in  length. 


Figure  21.  Measurement  apparatus  for  TE  and 
LE  of  thin  plates. 


Figure  20.  Rotated-y-cut  frequency  constants 
of  quartz  and  berlinite  compared. 


F<gure  24.  Turntable  apparatus  for  LE 
experiments. 


Figure  27.  Lateral  capacitance  ratios  versus 
psi  for  x-cut  berlinite. 
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Figure  28.  Mode  spectrographs  of  x-cut 

berlinite  with  psi  =  0°  and  45° 


Figure  31.  Lateral  coupling  factor  versus 
psi  for  2-cut  berlinite. 
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igure  29.  Lateral  coupling  factors  versus 
psi  for  y-cut  berlinite. 


Figure  32.  TE  coupling  versus  theta  for 
rotated-y-cut  berlinite. 


Figure  30.  Lateral  capacitance  ratios  versus 
psi  for  y-cut  berlinite. 


Figure  33.  LE  coupling  versus  theta  for 
rotated-y-cut  berlinite  with 
psi  =  0°.  (Field  along  X  axis) 
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igure  40.  Lateral  coupling  factors  versus 
psi  for  (yx/)45°  berlinite. 


Figure  41.  Lateral  capacitance  ratios  versus 
psi  for  (yx^)  45°  berlinite. 
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Figure  42.  Temperature  coefficient  of  mode  a 
for  rotated-y-cut  berlinite  as 
function  of  theta. 
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Figure  43.  Temperature  coefficient  of  mode  b 
for  rotated-y-cut  berlinite  as 
function  of  theta. 
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Figure  44.  Temperature  coefficient  of  mode  c 
for  rotated-y-cut  berlinite  as 
function  of  theta. 


Figure  45.  Loci  of  zero  temperature 

coefficient  for  berlinite  b 
and  c  modes;  /59/. 
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Figure  52.  Lateral  coupling  factors,  with 
psi  =  0°,  for  (yxwi)  \2°I6 
berlinite. 


Figure  55.  Lateral  coupling  factors  versus 
psi  for  (yxw.£)  12°/-29° 
berlinite. 
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Figure  53.  Lateral  coupling  factors,  with 
psi  =  90°,  for(yxwi)  12°/0 
berlinite. 


Figure  56.  Lateral  coupling  factors  versus 
psi  for  AT'  cut  berlinite. 
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Figure  54.  Lateral  coupling  factors  versus 
psi  for  BT'  cut  berlinite. 


Figure  57.  Lateral  coupling  factors  versus 
osi  for  (yxw/)  12°/28°  berlinite 
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Summary 

Progress  on  improving  the  aging  of  high 
precision  quartz  crystal  oscillators  has  been  sparse 
over  Che  past  25  years.  In  this  paper,  Che  causes 
of  aging  are  reviewed  and  a  progress  report  is 
presented  on  a  program  aimed  at  determining  the 
mechanisms  that  limit  the  attainable  aging.  Aging 
rates  have  been  measured  as  functions  of  aging 
temperature,  blank  frequency,  and  DC  voltage  on 
Che  resonator.  When  Che  aging  of  the  same  resonators 
were  measured  at  different  temperatures,  no  drastic 
or  systematic  variations  of  aging  rates  were 
observed.  The  aging  rates  of  similarly  fabricated 
resonators  were  found  to  vary  inversely  with  blank 
thickness,  independent  of  overtone.  A  DC  voltage 
on  Che  resonator  can  be  a  significant  contributor 
to  aging. 

Key  words:  Quartz  oscillator,  crystal  oscillator, 

aging,  quartz,  quartz  crystal,  quartz  resonator, 
SC-cut,  AT-cut,  frequency  stability. 


Introduction 

Progress  on  improving  Che  aging  attainable 
with  high  precision  quartz  crystal  oscillators 
has  been  sparse  over  the  past  25  years.  Warner^ 
had  achieved  IpplO^^  per  month  (3  pplO^^  per  day) 
in  1958  with  2.5  MHz  5th  overtone  AT-cut  resonators, 
after  several  months  of  continuous  operation. 
Subsequent  reporCs^*^  ’onfirmed  that  Che  aging 
of  this  type  of  resonator  was  typically  parts  in 
10^^  per  day  after  the  first  30  days  and  parts 
in  10^2  pei-  (Jay  after  a  few  months.  Figure  1  shows 
the  aging  of  two  of  these  resonators  measured  at 
Ft,  Monmouth^,  between  1961  and  1965. 


Figure  1.  Aging  of  a  precision  resonator 


Today,  although  aging  rates  of  parts  i 

10l2 

per  day  are  occasionally  observed,  no 
manufacturer  will  guarantee  parts  In  10^^  per  day 
aging.  The  lack  of  progress  in  the  attainable 
aging  is  particularly  puzzling  because  during  the 
past  25  years  many  advancements  have  taken  place 
which  should  have  contributed  to  progress  in  making 
low  aging  resonators.  These  advancements  include 
the  availability  of  better  ultrahlgh  vacuum  systems, 
better  cleaning  techniques,  better  understanding 
of  stress  effects,  the  discovery  of  the  SC-cut, 
etc . 

Another  puzzling  fact  is  that  there  are 
at  least  ten  organizations,  worldwide,  which  can 
make  resonators  that  are  capable  of  aging  rates 
of  parts  in  10^^  per  day  after  30  days  of  continuous 
operation.  Although  the  processes  used  to  make 
these  resonators  vary  widely,  the  end  results  with 
respect  to  aging  do  not.  The  range  of  processes 
used  to  make  parts  in  10^^  per  day  resonators  is 
shown  in  Table  I.  Parts  in  10^^  per  day  aging 
has  been  achieved  with  AT,  BT,  and  SC-cut  resonators. 
SC-cut  and  AT-cut  resonators  processed  the  same 
way  have  been  found  to  age  at  about  the  same  rate. 
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160'  C  TO  500'  C 

Backfill  sas 

llQM.  Ik,  *2 

Packaoc 
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TO  METAL  FEEDTNROUQMS,  CERAMIC  FLATPAa 
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VlTOM  SEALED.  METAL  WALED)  ION  PUMPED.  CRYOPUMPEO 

Table  1  Range  of  processes  for  low  aging  resonators. 


The  mechanisms  that  can  cause  aging  are 
as  follows®: 

1.  Mass  transfer  due  to  contamination 
inside  the  resonator  enclosure, 

2.  Stress  relief  in  the  resonator's: 

a.  mounts,  b.  bonds,  c.  electrodes,  and  d.  quartz, 
and 

3.  Other  effects:  a.  oscillator  circuit 
aging  (load  reactance  and  drive  level  changes), 

b.  oven  control  circuitry  aging,  c.  radiation, 
d.  Quartz  outgassing,  e.  diffusion  effects  (thermal 
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and  DC  voltage  driven), f.  pressure  changes  in  the 
resonator  enclosure  due  to  leaks  and  outgassing, 
g.  electric  field  change  (doubly  rotated  resonators 
only) . 


Aging  can  be  positive  or  negative. 
Occasionally,  a  reversal  of  aging  direction  is 
observed.  Figure  2  illustrates  the  three  types 
of  aging  behavior  (computer  generated).  The  curve 
showing  the  reversal  is  the  sum  of  the  other  two 
curves . 


Figure  2.  Typical  aging  behaviors. 


No  mechanism  is  known  that  would  inherently 
limit  the  attainable  aging  to  parts  in  lO*-^  per 
day.  This  paper  is  a  progress  report  on  a  research 
program  aimed  at  identifying  the  dominant 
mechanism(s)  that  limit  Che  aging  attainable  in 
currently  available  resonators.  It  is  hoped  that 
once  the  mechanisms  are  identified,  it  will  be 
possible  to  produce  resonators  that  age  less  than 
parts  in  10^^  per  day.  The  initial  experiments 
were  aimed  at  defining  the  dependence  of  aging 
on  temperature,  overtone  and  DC'Voltage  on  the 
resonator . 


Experimental  Methods 

The  aging  experiments  were  performed  on 
three  types  of  oven  controlled  oscillators;  1) 
commercially  available  high  precision  oscillators, 
2)  test  oscillators  designed  specifically  for 
measuring  the  aging  of  precision  resonators^, 
and  3)  test  oscillators  designed  for  operation 
below  room  temperature.  A  schematic  representation 
of  the  experimental  setup  is  shown  in  Figure  3. 
The  measurements  were  controlled  by  an  HP982S 
computer,  the  frequencies  were  measured  by  an  HPS3A5 
counter  that  was  locked  to  an  HPS601  cesium  standard 
and  the  switch  was  a  Racal  Series  1200  rf  switch. 
The  test  oscillators^  have  external  adjustments 
of  drive  level  and  oven  temperatures.  The  low 
temperature  oscillators  were  contained  in  a 
Kelvinator  Series  100  freezer.  The  oscillator 
drive  level  and  oven  temperature  controls  were 
outside  the  freezer. 

Since  oven  temperature  drift  due  to 
thermistor  aging^^  is  one  the  the  suiny  possible 
aging  mechanisms,  the  test  ovens  were  tested  by 
comparing  the  stabilities  of  the  thermistors  with 
Che  stabilities  of  Y-cut  crystals.  Since  Che  slopes 
of  Che  frequency  vs.  temperature  characteristics 


of  such  crystals  are  on  the  order  of  100  ppm  per 
deg  C,  any  significant  frequency  changes  can  be 
attributed  Co  the  aging  of  the  thermistor.  The 
thermistors  did  age  when  new,  as  shown  in  Figure 
4,  however,  after  about  the  first  60  hours,  the 
thermistors  were  stable,  and  remained  stable  upon 
subsequent  warmups  of  Che  test  ovens. 

At  the  beginning  of  each  aging  test  in 
the  test  oscillators,  the  oven  temperatures  were 
carefully  adjusted  to  the  resonators'  turnover 
temperatures.  AC  the  conclusion  of  Che  aging  tests, 
the  ovens  were  readjusted  to  Che  resonators'  turnover 
temperatures  in  order  to  determine  Che  contribution 
of  the  ovens'  temperature  drifts  to  the  total  aging. 
Typical  results  are  shown  in  Table  II.  In  general, 
the  contributions  of  the  ovens'  temperature  drifts 
were  negligible  . 


cumcNt 


Figure  3.  Aging  test  configuration 
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Figure  4.  Thermistor  drift 
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TEST 

OSC. 

TOTAL  f/F 
r0«  30  OATS 

F/F  OOe  TO 
TEMP  ORTT 

ACMC  RATE 

AT  DAY  30 

AONC  fV^tE  DUE 

TO  TEMP.  DRIFT 

EHROR  DUE  TO 
TEMP.  DRIFT 

1 

3.3  X  10 

0.0  X  10 

0.7  X  10  ■"  /D»Y 

2.0  X  10  “’*/0AY 

.03  t 

2 

1.1  X  10 

2.1  X  10 

5.B  X  10  /0«Y 

7.0  X  10  ”'^/0AY 

.12  * 

3 

7.0  X  10 

7.ex  10 -'2 

1.0  X  10  /DAY 

2.6  X  10"’^ /DAY 

_ 

1.4  X 

Table  II.  Effect  of  temperature  drift  in  test 
oscillators. 


The  aging  of  a  group  of  six  ceramic  flatpack 
enclosed  SC-cut  resonators  was  measured  at  both 
the  lower  and  upper  turnover  temperatures.  Three 
of  the  resonators  were  5  MHz  fundamental  mode  and 
three  were  10  MHz  3rd  overtone.  The  aging  was 
measured  for  four  30  day  periods  alternating  between 
the  two  turnover  temperatures.  At  the  end  of  each 
30  day  period,  the  aging  rate  at  day  30  was 
determined  from  the  best  fit  to  the  data.  The 

results  are  shown  in  Figures  5  and  6,  in  which 
Che  aging  rates  are  the  rates  at  day  30  of  each 

period,  LTP  and  UTP  indicate  Che  lower  and  upper 

turnover  points,  respectively,  and  the  two  numbers 

in  parentheses  to  the  right  of  each  curve  are  the 
values  of  the  two  turnover  temperatures  for  the 
resonator  represented  by  each  curve.  As  can  be 
seen,  the  temperature  differences  between  the  UTP 
and  LTP  ranged  from  19°C  to  40°C. 


Temperature  Dependence  of  Aging 

If  there  were  a  dominant  aging  mechanism 
that  was  thermally  activated,  e.g.,  the  adsorption 
or  desorption  of  a  single  contaminant,  Chen  Che 
aging  rate  would  vary  drastically  with  aging 
temperature.  To  i 1 lus Crate , the  average  residence 
time  on  a  surface  of  an  adsorbing/desorbing  molecule 
is  given  by  T  ,  where  j. 

T=Toe  ° 

T  o  ^  10'^^  sec,  E|3  is  the  desorption  energy,  T 
is  temperature  and  R  is  Che  gas  constant.  Table 
III  shows  the  variation  of  T  with  Eq  and  T.  At 
an  oven  temperature  of  100°C,  molecules  with  Ej) 
between  30  Kcal/mol  and  40  Kcal/mol  can  have  a 
significant  contribution  to  aging.  (For  molecules 
with  Eq  <  30  Kcal/mol,  the  adsorption/desorption 
process  reaches  completion  in  a  short  time  so  that 
at  100°C  these  molecules  do  not  contribute  to  aging; 
for  molecules  with  E])  >  40  Kcal/mol,  the 

adsorption/desorption  process  is  so  slow  that  these 
molecules  do  not  contribute  significantly  to  the 
aging  either.)  When  the  resonator  is  cooled  from 
100°C  to  below  0°C,  the  lifetime  of  the  molecules 
that  contributed  significantly  to  the  aging  at 
100°C  increases  by  several  orders  of  magnitude 
so  that  these  molecules  no  longer  contribute 
significantly  to  the  aging. 
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Table  III.  Average  residence  time  of  a  molecule 

on  a  surface  vs.  temperature  and  desorption 
energy. 
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Figure  5.  Aging  rate  vs.  temperature  for  third 
overtone  SC-cut  resonators. 
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Figure  6.  Aging  rate  vs.  temperature  for  fundamental 
SC-cut  resonators. 
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In  all  six  cases,  the  aging  became  more 
positive  at  the  DTP;  l.e.,  the  aging  of  the  four 
resonators  that  exhibited  positive  aging  at  the 
end  of  the  Initial  aging  period  at  the  LTP  became 
more  positive,  and  the  aging  of  the  two  Chat 
exhibited  negative  aging  rates  at  the  end  of  the 
Initial  period  at  the  LTP  changed  to  positive  aging 
rates  at  the  DTP.  The  patterns  repeated  for  the 
third  and  fourth  periods. 

In  order  to  investigate  the  effects  of 

a  larger  aging  temperature  difference,  a  group 
of  "low  temperature"  ceramic  flaCpack  enclosed 
resonators,  with  LTP's  between  -10°C  and  0°C,  were 
fabricated.  The  fabrication  of  these  resonators 

was  identical  to  Chat  of  the  "normal"  ceramic 

flatpack  resonators,  except  that  Che  electrode 
depositions  were  performed  in  one  step,  at  the 
upper  turnover  temperatures  (about  190°C). 

The  aging  rates  at  day  30  of  the  "low 
temperature"  resonators  are  compared  in  Figure 
7  with  the  aging  of  a  group  of  "normal"  ceramic 
flatpack  SC-cut  resonators  which  had  turnover 
temperatures  between  80^C  and  100*^0.  Figure  7 
shows  a  histogram  of  number  of  units  vs.  the  absolute 
values  of  the  aging  rates  at  day  30.  Although 
the  average  aging  temperature  of  the  "low 

temperature"  units  was  nearly  lOO^C  lower,  no  drastic 
differences  or  obvious  trends  in  aging  rates  can 
be  observed. 


oscillator  was  then  turned  off,  stored  at  -40°C 
for  three  days,  and  at  the  end  of  Che  three  days 
was  warmed  up  Co  room  temperature  and  turned  on. 
As  can  be  seen  from  Figure  9,  the  aging  rate  reversed 
direction  and  increased  significantly  subsequent 
Co  the  low  temperature  storage.  After  about  20 
days  of  continuous  operation,  the  aging  levelled 
off  to  a  race  of  about  1  X  10*^^  per  day. 


Figure  8.  Aging  race  vs.  operating  temperature 
for  5  MHz  5ch  overtone  AT-cut 
resonators . 
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Figure  9.  The  effect  of  cold  storage  on  aging 
rate . 


Figure  7.  Aging  rates  of  5  MHz  third  overtone 

SC-cut  resonators  at  -5°C  and  at  90°C. 


The  aging  rates  of  two  Bliley  BG61AH-5S 
AT-cut  glass  enclosed  5  MHz  5th  overtone  resonators 
were  also  measured  at  both  the  UTP  (76°C  and  79°C) 
and  the  LTP  (-24°C  and  -27°C).  The  aging  was 
measured  for  30  days  at  the  UTP,  then  for  30  days 
at  the  LTP,  then  again  for  30  days  at  the  UTP. 
The  results,  shown  in  Figure  8,  are  inconclusive. 
The  aging  at  the  UTP  of  one  of  the  resonators  was 
significantly  degraded  subsequent  to  operation 
for  30  days  at  the  LTP. 

Low  temperature  storage  can  signif icantly 
affect  Che  aging  of  oscillators.  Figure  9  shows 
the  aging  of  a  commercial  10  MHz  3rd  overtone  SC-cut 
oscillator.  After  45  days  of  continuous  operation, 
the  aging  rate  reached  -6  X  lO'^l  per  day.  The 


Blank  Thickness  Dependence  of  Aging 
The  average  aging  rates  of  ceramic  flatpack 
enclosed  SC-cut  5  MHz  fundamental,  lONHz  3rd  overtone 
and  5  MHz  3rd  overtone  resonators  are  compared 
in  Table  IV.  The  blanks  were  14  nin  in  diameter 
and  the  mounting  structures,  electrodes,  and 
fabrication  steps  were  the  same  for  all  three  groups. 
The  average  aging  rates  vary  approximately  inversely 
with  blank  thickness,  independent  of  overtone. 

DC  Bias  Dependence  of  Aging 

That  a  DC  voltage  across  a  quartz  crystal  produces 
changes  in  the  crystal  has  been  known  for  nearly 
100  years. Jacques  Curie  measured  the  direct 
current  resistivity  of  quartz  as  a  function  of 
temperature,  electric  field  intensity  and  direction, 
and  time  as  part  of  a  thesis  on  the  electrical 
properties  of  crystals.  The  results  were  reported 
in  1886,  1888,  and  1889.  Curie,  as  well  as  numerous 
later  workers recognized  the  dependence  of 
resistivity  on  the  length  of  time  the  field  is 
applied. 


228 


In  order  to  answer  the  question  of  whether 
or  not  a  DC  voltage  across  a  quartz  resonator  affects 
the  long  term  aging  rate,  a  group  of  high  precision 
SC-cut  oscillators  was  tested  with  and  without 
externally  applied  DC-voltage  across  Che  resonators. 
The  results  varied  greatly  from  resonator  to 
resonator.  The  results  for  one  of  the  resonators 
that  showed  a  dramatic  response  to  the  DC  voltage 
is  shown  in  Figure  10.  The  blank  of  this  resonator 
was  made  of  Sawyer  Premium  Q  unswept  quartz.  The 
lower  two  curves  show  enlargements  of  the  two  regions 
enclosed  in  rectangles,  which  are  Che  periods  just 
before  and  Just  after  the  applications  of  the 
DC-voltages . 


Resonator 

Types 

Aging  Rate 

Ratio 

Blank  Thickness 

Ratio 

lUMHz  3rd 

1 

1.5 

SHHz  Fund 

1.7 

SMHz  3rd 

I  SMHz  Fund 

1 

2.6 

3.0 

Table  IV.  Comparison  of  aging  rate  to  blank  thickness 
for  SC-cut  resonators. 

The  initial  aging  rate  was  positive.  After 
three  weeks  of  continuous  operation  with  no 
externally  applied  voltage,  12V  was  applied  to 
the  resonator.  As  expected,  the  frequency  shifted 
by  +5  X  10"®  due  to  the  polarization  effect.  (This 
instantaneous  frequency  change  is  not  shown  in 
Figure  10.)  The  instantaneous  shift  was  followed 
by  a  rapid,  approximately  exponential  decrease 
in  frequency.  After  24  hours,  the  rapid  negative 
aging  had  completely  offset  the  +5  X  10’®  shift 
due  CO  the  polarization  effect  and  the  rapid  negative 
aging  was  continuing.  After  about  an  additional 
two  weeks,  the  aging  rate  levelled  off  to  a  rate 
of  3  X  10"^^  per  day.  The  total  DC-voltage  Induced 
frequency  change  during  the  two  weeks  subsequent 
to  Che  application  of  the  voltage,  after  the 
polarization  effect,  was  -6.3  X  10'®. 

Thirty  days  after  the  voltage  was  applied, 
the  voltage  was  removed.  After  an  up  and  down 
frequency  excursion,  the  aging  resumed  at  about 
the  pre-DC-voltage  rate. 

The  aging  rate  continued  at  a  nearly  constant 
3  X  10“^^  per  day  for  the  next  year.  At  day  412, 
a  20  V  DC  voltage  of  sign  opposite  to  the  originally 
applied  12V  DC  voltage  was  applied.  After  a  down 
and  up  frequency  excursion,  Che  aging  rate  increased 
significantly.  A  month  after  the  application  of 
the  20  V  voltage,  the  aging  rate  (2  X  lO"^®  per 
day)  was  still  several  times  higher  than  the  race 
prior  to  the  application  of  the  20V.  It  took  about 
seven  weeks  for  the  aging  to  decrease  to  the  rate 
prior  to  the  application  of  the  20V. 

The  aging  of  a  second  oscillator,  with 
and  without  DC  voltage  on  the  resonator,  is  shown 
in  the  Cop  half  of  Figure  11.  The  up/down  and  down/up 
frequency  excursions  are  more  visible  in  Figure 
11. 


Figure  10.  DC  vol Cage- induced  aging  of  a  10  MHz 

third  overtone  SC-cut  resonator  at  85°C. 


DC  BIAS-INDUCED  AGING 


“SWEEPING”  CURRENT 


Figure  U.  Similarity  between  the  frequency  change 

of  an  oscillator  with  a  DC  voltage  on  the 
resonator,  and  the  "sweeping"  current  in 
a  different  resonator. 


The  lower  part  of  Figure  11  shows  the  DC 
current  measured  through  a  resonator  upon  the 

application  of  a  DC  voltage.  After  18  hours,  the 

voltage  was  reversed.  Although  the  resonator  in 
the  oscillator  of  the  upper  curve  was  made  of  Premium 
Q  quartz  whereas  the  resonator  of  Che  lower  curve 
was  made  of  natural  quartz,  and  the  other  parameters 
and  scales  were  also  different,  the  similarity 
between  the  frequency  vs.  time  and  current  vs. 
tliw  subsequent  to  a  reversal  in  voltage  across 
the  resonator  is  remarkable. 

The  current  through  the  resonator  was 

measured  by  means  of  a  Keithley  619  electrometer 
while  the  blanks  were  siounted  and  bonded  in  an 
HC-6  type  base.  An  HP611A  high  stability  DC  power 
supply  was  used  for  applying  the  DC  voltages.  The 

current  varied  greatly  depending  on  the  type  of 
quartz  material  used.  Typical  currents  at  100°C 
and  lOOV  were  1  X  lO'^A  for  natural  quarts,  4  X 
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10“^^  A  for  Premium  Q  quartz,  and  less  than  2  X 

10'^^  A  for  Premium  Q  swept  quartz.  The  current 

between  the  pins  of  the  base  (after  the  blanks 

were  removed)  was  4  X  10’^^  A  at  the  same  temperature 
and  voltage.  This  current  was  subtracted  from 
the  total  current  to  give  the  values  quoted  above. 

The  effect  of  12V  DC  voltage  on  the  aging 
of  a  5  NHz  3rd  overtone  SC-cut  resonator  made  of 
Premium  Q  swept  quartz  was  also  measured. 

Surprisingly,  the  results  were  nearly  as 
as  for  the  unswept  quartz.  The  aging  rate  at  the 
end  of  the  initial  30  day  period,  with  no  externally 
applied  DC  voltage,  was  +2  X  10~^0  per  day.  The 
DC  voltage  reversed  the  aging  rate  so  that  even 
two  weeks  following  the  application  of  the  DC 
voltage,  the  aging  rate  was  still  -2  X  10“^^  per 
day . 

Discussion  and  Conclusion 

Aging  of  the  thermistor  used  to  control 
oven  temperature  is  a  potential  mechanism  for 
apparent  resonator  aging.  Properly  selected* 
properly  mounted  and  preconditioned  thermistors 
have  been  found  not  to  contribute  significantly 
to  the  aging. 

The  results  of  investigations  on  the 
temperature  dependence  of  aging  are  inconclusive. 
No  "rule  of  thumb"  exists  for  the  temperature 
dependence.  The  sometimes  heard  folklore,  that 
the  aging  rate  doubles  with  every  lO^C  Increase 
in  temperature,  and  even  the  more  general  one, 
that  the  higher  the  temperature  the  higher  the 
aging  rate,  are  not  correct.  This  study,  as  well 
as  the  one  reported  by  Grata^^,  cast  serious  doubts 
on  the  value  of  accelerated  aging  tests  for  anything 
other  than  process  control. 

All  of  the  resonators  used  in  the 
temperature  dependence  investigations  were  mounted 
along  the  XX'  and  ZZ'  (  0  =  00,900,180°  and  270°) 
directions,  l.e.,  none  were  mounted  along  the  zero 
In-plane  stress  sensitivity  directions'^.  It  Is 
therefore  likely  that  stress  relief  In  the  mounting 
structure  was  a  contributor  to  the  aging  results 
observed.  At  each  aging  temperature,  some  of  the 
mounting  stress  relieved  during  the  aging  period. 
Since  Che  mounting  structure's  thermal  expansion 
coefficients  are  different  from  Chose  of  the  quartz 
blanks,  each  time  the  aging  temperature  was  changed, 
new  mounting  stresses  were  Introduced.  The 
experiment  needs  to  be  repeated  with  resonators 
that  are  mounted  along  the  optimum  mounting 
locations^^  and  which  experience  minimal  bending 
forces^^  as  the  temperature  Is  changed. 

The  average  aging  of  groups  of  similarly 
fabricated  resonators  have  been  found  to  vary 
approximately  Inversely  with  blank  thickness, 
Independent  of  overtone.  Since  Che  effects  of 
contamination  transfer,  stress  relief  and  some 
of  the  other  known  aging  mechanisms  also  vary 
Inversely  with  blank  thickness,  this  result  is 
not  surprising. 


A  DC  Voltage  on  the  resonator  can  be  a 
significant  contributor  to  at  least  the  initial 
aging  of  resonators.  In  Che  future,  designers 
of  high  stability  oscillators  will  need  to  design 
oscillator  circuits  so  as  to  minimize  the  DC  voltage 
on  the  resonator.  That  this  has  not  generally 
been  done  in  the  past  Is  evidenced  by  Che  fact 
that  when  high  stability  TCXO's  from  several 
different  sunufacturers  were  examlned^^,  DC 


voltages  ranging  from  a  fraction  of  a  volt  to 
about  4  V  were  found.  (The  circuit  of  the  highest 
quality  TXCO  In  the  evaluation  applied  a  DC  voltage 
In  excess  of  2  V  to  the  resonator  and  only  one 
oscillator  in  the  group  applied  less  than  0.5V.). 
In  principle,  one  can  minimize  Che  DC  voltage 
without  significantly  lowering  the  effective  Q 
of  the  resonator  by  placing  a  capacitor  in  series 
and  a  few  megohm  resistor  In  parallel  with  the 
resonator,  or  by  coupling  to  the  resonator 
Inductively . 
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SUMMARY 


The  application  of  force  sensitive  quartz  crystal 
resonators  in  the  instrumentation  field  is  gaining 
more  acceptance  year  by  year.  Examples  of  such 
applications  presently  include  accelerometers, 
pressure  sensors  and  load  cells.  The  advantages  to 
be  gained  using  this  technology  in  instrumentation 
include:  an  inherent  high  resolution  digital 

output,  high  dynamic  range,  low  thermal  sensitivity 
and  low  power.  The  unique  properties  of  quartz 
crystal  such  as  high  Q,  excellent  mechanical  and 
chemical  stability,  low  thermal  sensitivity  and 
piezoelectric  behavior  are  characteristics  that  have 
long  been  recognized  and  utilized  by  the  frequency 
control  industry.  It  is  these  very  same  unique 
properties  that  also  make  quartz  crystal  such  an 
attractive  material  for  instrumentation 
applications.  It  has  been  demonstrated  that 
vibrating  quartz  crystal  flexure  beams  exhibit  a 
usable  +  or  -  10  percent  full-scale  frequency  change 
in  response  to  tension  and  compression  forces, 
respectively,  due  to  "strlng-like"  behavior. 

The  Appendix  of  this  paper  presents  a  modified 
Rayleigh  method  derivation  of  a  vibrating  beam 
resonant  frequency  along  with  the  f requency/force 
coefficients.  This  derivation  is  then  used  in  the 
paper  to  explain  the  force  sensitive  effect  and  how 
it  is  strongly  influenced  by  length-to-thickness 
ratio  of  the  beam  geometry.  The  derivation  is  also 
used  to  demonstrate  that  the  vibrating  beam  force 
sensing  approach  is  about  twenty-five  times  more 
sensitive  than  an  edge-loaded  shear  mode  force 
sensing  crystal.  The  thermal  sensitivities  of  both 
the  bias  frequency  and  the  frequency/force  scale 
factor  are  also  presented  along  with  a  discussion  of 
how  these  characteristics  are  related  to  the 
temperature  coefficient  of  the  quartz  crystal 
elastic  modulus.  As  an  example,  an  accelerometer 
application  is  used  to  demonstrate  how  a  dual  beam 
push-pull  mechanization  can  greatly  reduce  bias 
frequency  thermal  sensitivity  as  well  as  non-linear 
effects.  The  analysis  also  demonstrates  that  the 
f requency/force  effect  varies  the  motional 
capacitance  of  the  classical  crystal  resonator 
equivalent  circuit  by  up  to  +  or  -  20  percent. 


INTRODUCTION 


FREQUENCY 


(-FI  COMPRESSION 


FIGURE  1 

FREQUENCY/FORCE  EFFECTS 


Like  a  taut  string,  the  frequency  of  a  vibrating 
flexure  beam  will  increase  with  increasing  tension 
(Figure  1) .  Unlike  a  string,  a  beam  will  also 
respond  to  compression  by  decreasing  its  frequency. 
In  addition,  a  beam  does  not  require  a  bias  tension, 
the  instability  of  which  is  a  major  error  source  of 
vibrating  string  instruments.  There  are  two 
fundamental  approaches  to  force  sensing  flexure 
crystals:  the  double  ended  tuning  fork  (double 

beam)  approach,  and  the  single  beam  approach.  The 
advantages  and  disadvantages  of  each  approach  are 
discussed  next. 

TUNING  FORK  (DOUBLE  BEAM  APPROACH) 


An  early  double  laeam  tuning  fork  configuration  is 
illustrated  in  Figure  The  tuning  fork 

depends  on  the  two  beams  vibrating  180”  out  of  phase 
so  that  the  moment  and  shear  reactions  at  the  beam 
roots  cancel  each  other  to  maintain  high  Q.  The 
advantage  of  this  approach  is  that  it  is  very  simple 
and  producible.  The  disadvantages  are  as  follows: 

•  The  two  beams  vibrate  in  a  lock-in  mode. 

Lock-in  of  two  vibrating  systems  is  a  rather 
complicated  non-linear  behavior  and  to  achieve 
proper  operation  the  two  beam  geometries  must  be 
well  matched. 

e  Another  problem  is  uneven  loading. In 
order  to  maintain  proper  operation  over  the 
full-scale  force  measuring  range,  the  force 
application  mechanism  is  called  upon  to  keep  the 
two  forces  equal.  Unequal  loading  or  bending 
moments  can  cause  irregularities  in  the  force /fre¬ 
quency  relationship.  As  data  presented  in  a  later 
section  will  illustrate,  force  sensing  flexure 
crystals  are  capable  of  force  sensing 
measurement  thresholds  on  the  order  of  10~^  to 
10~^  of  full  scale.  Maintaining  geometry 
matches  and  force  application  matches  to  this 
order  is  extremely  difficult  if  not  impossible. 

•  Because  the  applied  force  is  shared  by  two 
beams,  the  frequency/force  sensitivity  is  half 
that  of  the  single  beam  approach  for  a  given 
beam  geometry. 
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SINGLE  BEAM  APPROACH 


ISOLATOR  STRUCTURE 


The  problems  associated  with  the  dual  beam  tuning 
fork  approach  were  overcome  with  the  invention  of 
the  isolator  structure  illustrated  in  Figure 
3.(4) (5)  This  single  beam  approach  depends  on  the 
isolator  structure  to  isolate  the  moment  and  shear 
reactions  from  the  mount  and,  therefore,  maintain 
high  Q.  Typical  mounted  Q's  on  the  order  of  50,000 
are  regularly  obtained.  The  obvious  advantages  of 
this  approach  are  the  elimination  of  geometry 
matching  and  uneven  loading  problems.  The 
disadvantages  are  that  it  is  somewhat  less 
producible  than  the  dual  beam  approach  and  also 
requires  a  higher  degree  of  design  capability  to 
achieve  a  structural  design  which  is  free  of 
spurious  resonances  in  the  portion  of  the  frequency 
spectrum  which  contains  the  beam  resonant 
frequency.  This  paper  is  directed  at  the  single 
beam  approach. 


FREQUENCY/STRESS  EFFECTS  (Af/f)/A3 


Equation  (2)  indicates  how  this  sensitivity  is 
strongly  influenced  by  the  square  of  the 
length-to-thickness  ratio  and  also  indicates  that 
highest  sensitivity  is  obtained  with  a  ribbon-like 
beam  geometry  where  the  plane  of  the  ribbon  is 
normal  to  the  plane  of  the  vibration.  (Note  that 
some  current  force  sensitive  flexure  resonators  that 
are  fabricated  using  photo-etch  techniques  have 
ribbon-like  beams  but  the  ribbon  plane  is  parallel 
to  the  plane  of  vibration.  This  results  in  a  less 
favorable  length-to-thickness  ratio.)  Typical  t,  L 
and  b  dimensions  are  0.013,  0.44  and  0.10  cm, 
respectively,  for  a  (L/t) ^  of  approximately  1100. 

It  is  this  large  magnification  effect  that  results 
in  the  high  frequency/stress  sensitivity.  A  typical 
bias  frequency  of  the  example  beam  is  40  kHz  and  a 
full-scale  frequency  change  is  +  or  -  4  kHz  in 
response  to  a  +  or  -  9N  axial  force.  Full-scale 
non-linearity  is  on  the  order  of  6  percent. 


FORCE  SENSING 
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FIGURE  5 

FREQUENCY /STRESS  SENSITIVITY  COMPARISON 


In  Figure  5  the  vibrating  beam  approach  is  compared 
to  a  similar  sensitivity  of  the  edge-loaded  AT  out 
approach(^) and  indicates  that  the  beam 
approach  is  the  more  sensitive  by  a  factor  of  up  to 
twenty- five. 


FIGURE  4 

FREQUENCY/STRESS  EFFECT 


TEMPERATURE  SENSITIVITY 


Equation  (1)  is  a  rearrangement  of  just  the  first 
order  frequency/force  sensitivity  term  of  Equation 
(17A)  of  the  Appendix. 


Equation  (1)  can  be  further  reduced  to  obtain  the 
first  order  frequency/stress  sensitivity. 


An  instrument  user  is  always  concerned  with  the 
temperature  sensitivity  of  bias  and  scale  factor 
(Figure  6).  For  example  purposes,  a  bias  frequency 
of  40  kHz  and  a  full-scale  (FS)  frequency  change  of 
+  or  -  4  kHz  will  be  used.  The  bias  frequency 
temperature  sensitivity  follows  the  classical 
flexure  beeun  parabola  where  the  temperature 
sensitivity  is  essentially  zero  at  turnover  and 
increases  to  about  +  or  -  0.004  percent  of  FS/"C  at 
50®C  away  from  turnover.  The  scale  factor 
temperature  sensitivity  is  an  upward  facing  parabola 
where  the  temperature  sensitivity  is  essentially 
zero  at  turnover  and  increases  to  about  4  ppm/*C  at 
50®C  off  turnover.  These  are  very  low  temperature 
coefficients  compared  to  other  force  sensing 
(2)  approaches  based  on  strain  sensing  or  magnetic 
principles. 
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FORCE  EFFECTS  ON  EQUIVALENT  CIRCUIT 


f  =  fo  +  k,  F  ,  . . 


The  derivation  of  the  beam  resonant  frequency 
equations  which  include  the  force-frequency  effects 
appears  in  the  Appendix.  The  derivation  presented 
in  the  Appendix  is  based  on  the  vibrating  beams 
acting  as  an  exchange  of  kinetic  and  potential 
energy. 


AKINETIC  ENERGY  =  APOTENTIAL  ENERGY 


BIAS 


=  ^01(1  +  kTf  (T-Tof)2) 


SCALE  FACTOR 


'‘1  -  '‘I0T 


(1  +  kTk(T-T„k)2) 


1 

bt^  -n/eF 


After  a  rearrangement  and  evaluation  of  the 
integrals  of  Equation  (12A)  of  the  Appendix,  it  can 
be  shown  that  Equation  (9)  will  result. 


(5)  0.254  u?  p  btL  =  127  ^  +  3.11  f  (9) 

4  *  4  L 

The  C  terms  cancel  to  indicate  that  the  effects 
being  discussed  are  independent  of  vibration 
amplitude.  The  only  variables  remaining  in  Equation 
(8)  are  the  resonant  frequency  <ui)  and  the  axial 
force  (F) .  The  left  is  the  inertial  side  of  the 
equation,  which  is  associated  with  the  inductor  of 
the  classical  crystal  equivalent  circuit  and,  after 
extracting  uu,  is  constant  and,  therefore,  implies  a 

(6)  constant  inductor  To  the  right  ate  the  two 

potential  energy  terms,  one  of  which  is  variable  and 
can  even  change  sign  because  of  compressive  forces. 
Potential  energy  or  energy  storage  effects  are 

(7) 

associated  with  the  motional  capacitance  of  the 
classical  circuit;  therefore,  varies  with  force 
(Figure  7) .  As  previously  stated,  a  force  sensitive 
flexure  crystal  is  capable  of  changing  its  frequency 
by  a  usable  *  or  -  10  percent.  Using  the  expression 
u>  “s/ITTLiCiT  indicates  that  the  motional 
capacitance  changes  approximately  +  or  -  20  percent. 


FIGURE  6 

TEMPERArjRE  SENSITIVITY 


Typical  turnover  temperatures  are  anywhere  from  zero 
to  20°C  depending  on  crystal  cut,  beam  geometry  and 
linear  thermal  sensitivity  effects  of  material 
expansion  and  mounting  and  force  application 
mechanisms.  However,  the  shape  of  both  the  bias  and 
scale  factor  temperature  sensitivity  curves  is 
largely  due  to  the  second  order  temperature 
sensitivity  of  the  elastic  modulus.  Equations  (5) 
and  (7)  show  that  the  elastic  modulus  is  in  the 
numerator  of  the  bias  (fgii)  term  and  the  denomina¬ 
tor  of  the  scale  factor  (k^oT^  term,  both  to 
the  one-half  power.  This  is  the  reason  one  curve 
faces  down  and  the  other  faces  up.  The  elastic 
modulus  (E)  is  taken  as  the  reciprocal  of  the 
compliance  term  (l/S^)  ,  and  therefore,  the 
temperature  sensitivities,  krjif  and  k.jk 
[Equations  (4)  and  (6)),  of  bias  and  scale  factor 
are  approximately  equal  to  -  or  +  1/2  the 
second-order  temparature  sensitivity  of  the  Sj^j^ 
coef f icient^®*  [Equation  (8)1  which  agrees  fairly 
well  with  observed  results. 


(2)  . 
11 


-kTf  »  «  1/2  Ts 


1/2  85.3  (l0'®)/(«c)^ 


(8) 
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FIGURE  7 

FORCE  EFFECT  ON  CLASSICAL 
CRYSTAL  EQUIVALENT  CIRCUIT 


VIBRATING  BEAM  ACCELEROMETER  (VBA)  APPLICATION 


FIGURE  8 

VIBRATING  BEAM  ACCELEROMETER  (VBA)  SCHEMATIC 


Figure  8  is  sn  exfunple  of  en  accelerometer  applies— 
which  uses  two  back-to-bac)c  identical 
assemblies  arranged  so  that  an  input'  acceleration 
places  one  beam  in  tension  and  one  beam  in 
compression  (push-pull) •  The  output  signal  is  then 
taken  as  the  difference  frequency,  using  an 
equation  of  the  form  of  Equation  (16A)  of  the 
Appendix,  in  which  mg  is  substituted  for  F,  the 
frequencies  of  the  beam  in  tension,  the  beam  in 
compression  and  the  difference  frequency  are 
expressed  as  follows. 


^1  °  ^01 

t  V  *  •'21  *  Sl^l’f  •  •  • 

(10) 

^2  “  ^0? 

-  *'12  "'2^  *  ''22  (v)^  ■  •'31  •  • 

(11) 

^  - 

^2  *  ^01  -  *02  M^l  "l  "  ''U 

*  (>'21  "l  ■  "22  "2  )’ 

t  (kj^mjt  K32™2)^^  •  '  • 

(12) 

As  Equation  (12)  indicates,  working  with  the 
difference  frequency  achieves  the  following. 

•  The  bias  becomes  nominally  zero  (actually,  the 
fgn  mismatch) ,  and  because  of  frequency 
differencing,  the  very  important  feature  of 
common  mode  rejection  of  bias  thermal  effects, 
aging  effects,  and  certain  dynamic  error  sources 
is  obtained. 

e  The  scale  factor  becomes  double  since  one 
frequency  is  increasing  and  the  other  is 
decreasing  because  of  acceleration. 

•  Because  of  the  squaring  of  a  -1,  we  get  a 
cancelling  of  the  most  troublesome  non-linear 
g2  term. 

DIFFERENCE  FREQUENCY  EXAMPLE 

The  advantage  of  the  dual  beam  approach  is  nicely 
illustrated  in  Figure  9,  which  is  a  20-hour  bias 
drift  run  where  the  upper  curve  shows  the  drifting 
of  the  two  individual  resonator  frequencies  from 
their  nominal  40  kHz  caused  by  cycling  of  the 


laboratory  temperature.  Notice  how  nicely  the  two 
frequencies  track  with  time.  The  bottom  plot  is  the 
difference  frequency  over  the  same  period  of  time. 
Notice  that  the  amplitude  has  been  reduced  by  a 
factor  of  about  five.  This  factor  of  five,  combined 
with  the  doubling  of  the  scale  factor,  gives  us  an 
overall  bias  stability  improvement  of  ten.  In 
effect,  doubling  the  size  and  complexity  of  the 
complete  assembly  has  resulted  in  an  order  of 
magnitude  performance  improvement.  One  major 
division  of  Figure  9B  is  0.2  mHz.  Using  this  as  a 
measuring  threshold  along  with  the  8  kHz  (two  beam) 
full-scale  signal  indicates  a  dynamic  measuring 
range  on  the  order  of  10^  to  10^.  This  is  an 
example  of  the  force  measuring  capability  of  the 
single  beam  approach . 


FIGURE  9A 
FREQUENCY  DRIFT  OF 
INDIVIDUAL  BEAMS 


FIGURE  9B 

FREQUENCY  DRIFT  OF 
DIFFERENCE  FREQUENCY 


CONCLUSIONS 

The  characteristics  and  capabilities  of  force 
sensing  flexure  crystals  have  been  described.  It  is 
maturing  technology  which  will  have  a  performance-to- 
price  ratio  more  favorable  than  most,  if  not  all, 
other  force  sensing  technologies.  In  addition, 
there  is  the  advantage  of  an  inherent  high 
resolution  digital  output.  Current  applications  of 
force  flexure  crystals  Include  accelerometers 
(1)(9)(10)^  pressure  transducers^^*)  and 
force  sensors  (load  cells) .  (3)  (12) 
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APPENDIX 


TABLE  lA 

DISPLACEMENT,  SLOPE 
AND  MOMENT  DISTRIBUTIONS 


DERIVATION  OF  BEAM  EQUATIONS 

Figure  lA  is  an  illustration  of  a  fi:,ed-fixed 
vibrating  beam  experiencing  an  axial  force.  Also 
illustrated  ate  the  linear  displacement  effect,  the 
bending  moment  effect  and  the  axial  force  effect  on 
a  typical  ilx  beam  element.  To  determine  the 
frequency-force  effect  a  modified  Rayleigh  method 
will  be  used  which  follows  these  basic  steps. 

1  -  Select  a  beam  deflection  shape. 

2  -  Assume  harmonic  motion. 

3  -  Determine  the  kinetic  and  potential  energy 

changes. 

4  -  Assume  conservation  of  energy  and  solve  for  th 

vibration  frequency. 

The  following  is  an  abbreviation  of  a  more  complete 
treatment*  . 

BEAM  DEFLECTION  SHAPE 


The  deflection  shape  is  determined  from  Equation 
(lA)  and  is  the  classical  vibrating  beam 
displacement  equation  found  in  the  literature *2A) _ 


(2A) 


(3A) 


(4A) 


=  Cj^  sh  qx  +  C^  ch  qx  +  C^ 


sin  qx  +  C,  cos  qx 
4 


q  =  473/L  C2/C4  =  0  133 


From  the  conditions  of  even  symn.etry 
(C]^  =  Cj  =  0)  and  the  deflection  and  slope 
boundary  conditions  at  the  root  (y  »  y'  =0), 
Equation  (lA)  can  be  solved.  The  equations  for  the 
displacement,  the  slope  and  the  curvature  (also  the 
bending  moment  distribution)  along  with  the 
coefficients  of  the  fundamental  flexure  vibration 
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LINEAR  KINETIC  ENERGY  Url) 

The  linear  kinetic  energy  is  determined  using  the 
1/2  mass  x  velocity^  relationship  assuming  the 
linear  displacement  of  the  Ax  beam  element 
experiences  harmonic  motion. 


AJ 


KL 


1/2 


m(y) 


(1A) 


From  Figure  lA,  Am  =  pbt  Ax  and  for  harmonic  motion 
y  =  yiu.  Making  these  substitutions  into  Equation 
(5A)  results  in  the  following  equation  for  the  total 
maximum  linear  kinetic  energy  of  the  beam. 


2 

ui  btp 


/ 


2 


y  dx 


(lA) 


FLEXURE  POTENTIAL  ENERGY  (Jpn) 

The  flexure  potential  energy  is  determined  using  the 
one-half  the  angular  spring  rate  times  the  angular 
deflection^  expression. 


AJ„„  =  l/2(AM/lie)  (7A) 

From  flexure  theory,  0  (M/EI)  Ax  and  M  =  Ely". 
Making  these  substitutions  into  Equation  (7A) 
results  in  the  following  equation  for  the  total 
flexure  potential  energy  of  the  beam. 


x=0 


AXIAL  FORCE  POTENTIAL  ENERGY  (Jpp) 

Including  the  axial  force  effects  is  a  second  source 
of  potential  energy  which  modifies  the  standard 
Rayleigh  method.  The  axial  force  potential  energy 
is  accounted  for,  using  the  force  through  distance 
relationship.  The  force  is  the  axial  tension  (+-F) 
or  compression  (-F) ,  and  the  distance  is  the  stretch 
of  the  beam  element  as  it  displaces.  (It  is  assumed 
that  the  beam  roots  terminate  in  relatively  massive 
structures  that  do  not  move.) 

AJpp  ’  F(As  -  AX)  (gA) 


Using  some  geometry  and  the  binomial  expansion,  it 
'van  be  sliown  t)iat  As  =  Ax  [  1  +  1/2  (y  '  )  ^  ■  •  -  1  •  Makina 
this  substitution  Into  Equation  (UA)  results  In  the 
following  expression  for  the  total  axial  force 
potential  energy  change  In  the  beam  caused  by  axial 
force  effects.  Note  that  this  energy  can  be  plus  or 
minus. 

L/2 

J 

X-0 

BEAM  RESONANT  FREgtJENCY  (  ■>) 

Th«  r®9onant  fraqu^ncy  as  a  Eunotion  of  axial 

forcp  can  now  golv*»d  for  aasumlnq  conservation  of 
enerqy . 

Vl  '  '^PM  *■  '^PE  (llA) 


9 


yj  dx 


(lOA) 


Making  the  indicated  substitutions  results  in 
Equation  (12A) . 


El 


J’iv"  )^dx  .  P  Jiv'Yax 


■I 


pbt  /  y  dx 


1/2 


(12A) 


When  the  integrals  are  evaluated*^),  the 
following  basic  frequency-force  relationship  is 
obtained  where  is  the  bias  frequency  determined 
for  F  =  0  and  S  is  a  sensitivity  term  described  by 
Equations  (14A)  and  (15A). 


1/2 


“o  ^  sf) 

.ri” 

'^0  2  V  D 


S  =  a 


(eLO 


(13A) 

(14A) 

(IbA) 


=  0.294.  < 

Equation  (llA)  indicates  that  to  the  extent  of  the 
assumptions  made,  is  linear  with  applied  force. 


Using  the  binomial  expansion,  Equation  (13A)  can 
also  be  expressed  in  the  following  convenient  form. 

UK  =  uJq  (l  +  1/2  SF  -  1/8  S^F^  +  1/16  S^F^.  .  .)  (16A) 

After  some  substitution  and  rearrangement.  Equation 
(ILA)  can  also  be  expressed  in  another  convenient 
form  for  direct  comparison  with  alternate  published 
solutions. 


1  +  a 


1  (frrV  "  "2 


')■'  *  (±j)' 
■  ■] 


lEbt 
.  2 


(17A) 


For  comparison  purposes,  coefficients  through 
ag  were  evaluated  for  the  fundamental  m^e^^l 
and  found  to  be  6.45,  0.147,  -1.1(10"2)  and 
1.6(10"^),  respectively.  These  values  compare 
well  with  differ’, itial  equation  solution 
coefficients  of  6.44,  0.148,  -l.SdO"^)  and 
1.9(10-3) . 

Equation  (14A)  can  also  be  expressed  in  terms  of 
frequency  (f)  and  a  power  series  of  force  (F) . 


f  -  fg  +  kj^F  +  +  kjF^. 


(IHA) 


The  behavior  of  higher  flexure  modes  as  well  as  the 
Influences  of  rotational  inertia  and  shear  effects 
are  considered  In  Reference  (lA). 
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TABLE  2A 


NOMENCLATURE 


E 


F 

E 

S 

E 


J 


K 


J 


P 


(L.t.b) 


M 

m 

Q 


sh,  ch 
T 

X 

y 

y' 

y" 

y 

0 


3ii<i  3  ®  Bssin  Powfiir  Ssriss  CosEEicisnts 

11  2 

>  Elastic  Modulus  7.8  (10  )  dyne/cm 

for  quartz 

=  Beam  Axial  Force  (dynes) 

=  Beam  Vibrational  Frequency  in  Hz(u./2Tr) 

'  Acceleration  in  Ear^h  Gravity 

multiples  x  980cm/s 

=  Bea^  Cross  Section  Moment  of  Inertia 
(cm  ) 

=  Kinetic  Energy  (dyne  cm) 

=  Potential  Energy  (dyne  cm) 

=  Length,  thickness,  and  width  of  beam 
(cm) 

=  Bending  Moment  (dyne  cm) 

=  Mass  (gm) 

=  Ratio  of  Maximum  Energy  to  Energy 
Lost  per  Cycle  x  2ir 

=  Hyperbolic  Sine  and  Cosine 

=  Temperature  (°C) 

=  Location  along  Beam  Length  (cm) 

=  Beam  Displacement  (cm) 

=  dy/dx  (beam  slope) 

=  d^y/dx^  (beam  curvature) 

«  Time  Derivative  of  y 

=  Density  (2.65  gm/cm  for  quartz) 

Beam  Circular  Frequency  in  rad/sec 
(27rf) 


Other  symbols  as  defined  in  various  illustrations 
and  text. 
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Abstract 


The  authors  have  conducted  theoretical  and 
experimental  research  on  new  quartz  temperature 
sensors  characterized  by  ultra-linear  frequency- 
temperature  responses  and  insensitivity  to  stresses. 
On  the  basis  of  the  results  of  this  research  we 
can  design  stress-compensated  quartz  resonators 
with  frequency- temperature  responses  superior  to 
those  of  resonators  employing  older  type  quartz 
crystal  cuts. 


where  (X ,  (5, and  y  are  first-,  second-  and  third- 
order  temperature  coefficients  of  frequency,  respec¬ 
tively,  and  AT=T-To. 


In  the  thin  quartz  crystal  plate,  the  frequency 
equation  for  the  thickness-vibration  mode  is  solved 
as 


Key  Words:  quartz,  resonators,  frequency  control, 
metrology,  frequency  vs.  temperature, 
NLSC  quartz  cut,  thermal  transients, 
doubly  rotated  quartz  cuts. 

Introduction 


(A) 

-f  =  3-  (a/p  (q=l,3,  . ) 

where  p  and  yg  are  the  mass  density  and  the  thickness 
of  the  crystal  plate,  respectively,  and  c  represents 
eigenvalues  and  solutions  of  the  following  equation: 


Precise  and  accurate  temperature  sensing  is  an 
important  part  of  modern  metrology.  When  tempera¬ 
ture  sensing  was  linked  to  frequency  counting  by 
Hammond,  et  al.,  in  the  mid-1960s,  this  aspect  of 
metrology  was  advanced  considerably.  Within  a  decade 
came  the  introduction  of  stress-  and  temperature- 
transient-compensated  quartz  resonators.  The  virtues 
of  each  advance  are  considerable,  but  hithertofore 
have  not  been  consolidated.  By  searching  for  quartz 
orientations  where  stress  compensation  occurs  simulta¬ 
neously  with  linear  temperature  behavior,  one  is 
led  to  a  family  of  cuts  with  enhanced  temperature 
metrology  potential . 


r  -  '  1  ^  ^  I  ^  r  A' . 

^  1  J  <  1  J  k  -  f-  °  a 

and 


o, 


Li) 


C  i  j  k  1  =  j  |<  1  +  ■  |,v,j  )-l* 

{  e  h  i  j  ‘hi  h  )  *  ( hn  h  e  h  k  L  ) .  W) 

i  j  k  1  ■  elastic  stiffness  constants 

in  a  constant  electric  field, 

e  h  i  j  =  the  piezoelectric  constants. 


The  purpose  of  our  research  is  to  improve  tem¬ 
perature  sensitive  quartz  resonators  which  provide 
a  frequency  output  extremely  linear  with  respect 
to  changes  in  temperature,  and  a  further  aim  is  to 
provide  a  temperature  sensitive  resonator  compensated 
against  the  effects  of  stresses  as  well  as  against 
thermal  transients  and  thermal  hysteresis  effects. 

We  shall  denote  this  sensor  as  the  NLSC  (NL  stress 
compensated)  cut.  The  NLSC  cut  makes  the  manufacture 
of  sensors  considerably  easier,  and  has  greater 
frequency-stability  under  stresses  than  the  LC  cut. 

In  this  paper  the  NLSC  cut  sensor  is  discussed 
with  reference  to  theoretical  and  experimental  results, 
[1-8],  and  the  optimum  cut  will  be  predicted. 

Theory 


q  j  =  the  dielectric  constants  at 
constant  strain, 

^  =  Kronecker's  delta, 

ry^o  -  the  jth  or  qth  component  of 
°  unit  normal  vector  perpendic¬ 

ular  to  the  plate  plane. 

Yq,  J)  and  'c  of  the  quartz  crystal  plate  are 
in  general  functions  of  temperature  T,  and  these 
temperature  coefficients  for  Yg  and  c  depend  on 
the  azimuth  56  and  colatitude  6  in  Fig.  1. 

With  a  suitable  choice  of  the  angles  and  9 
in  equations  (1)  to  (4),  it  is  found  that  the  follow¬ 
ing  relationships  may  be  obtained: 


Suppose  a  thin  quartz  crystal  plate  whose  electri¬ 
cal,  mechanical  and  optical  axes  are  defined  in  the 
directions  of  the  Xj,  X2  and  X3  axes,  respectively, 
as  shown  in  Fig.  1.  We  denote  the  direction  normal 
to  the  main  plane  by  polar  coordinates 
Eigenfrequencies  f  of  the  quartz  crystal  plate 
are,  in  general,  functions  of  temperature  T.  A 
Taylor  expansion  around  reference  temperature  Tg 
is  as  follows: 

-fen  =  f  (T,)  [  1  ■<-  =<  AT  4.  (i/;j  V  %  ,  0) 


oCji  o  i  =  o  .  ■/  =  o  (S) 

From  equations  (1)  and  (5)  it  can  easily  be  seen 
that  the  frequency- temperature  characteristics 
show  a  linear  relationship.  We  solve  the  simulta¬ 
neous  equations  given  above  by  substituting  the 
elastic  stiffness  constants,  piezoelectric  constants, 
dielectric  constants,  mass  density  and  their  tempera¬ 
ture  coefficients  etc.,  into  equations  (4),  (3) 
and  (2)  sequentially  [9,10].  Fig.  2  shows  the 
loci  ofo<=  0,3=  0,  and  also  the  zero  frequency-stress 
coefficients  tor  the  thickness  c  mode  of  the  quartz 
crystal  plates  as  functions  of  the  polar  angles  ^ 
and  6  in  Fig.  1.  In  this  figure  it  is  seen  that 
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the  AT,  pc,  IT  and  SC  cut  resonators  invented  in 
the  past  as  having  zero  frequency- temperature  coeffi¬ 
cients  fall  on  the  locus  curve  of  cf.  =  0,  and  that 
the  LC  cut,  which  has  been  developed  as  a  thermo¬ 
metric  quartz  resonator,  falls  in  the  vicinity  of 
the  locus  curve  of  ^  =  0  [11]. 

As  is  well  known,  the  LC  cut  comprises  a  cut 
located  at  an  orientation  where  the  second-  and 
the  third-  order  frequency- temperature  coefficients 
are  substantially  equal  to  zero  or  at  least  negli¬ 
gibly  small,  while  the  first-order  frequency- 
temperature  coefficient  is  not  zero.  The  doubly 
rotated  LC  cut,  however,  is  difficult  to  manufacture 
because  the  two  orientation  angles  and  d  are  such 
that  the  cut  is  not  located  near  X-ray  planes  of 
any  reasonable  strength,  and  is  uncompensated  either 
against  any  in-plane  stresses,  such  as  electrode 
stresses,  leading  to  a  component  of  aging,  or  against 
thermal  transients  and  thermal  hysteresis,  etc.  [12]. 

Accordingly,  it  is  highly  desirable  to  develop 
a  new  quartz  temperature  sensor  with  the  following 
features:  (1)  Improved  temperature  sensitivity, 
providing  a  frequency  output  extremely  linear  with 
respect  to  changes  in  temperature,  and  (b)  Compensa¬ 
tion  against  the  effects  of  stresses  as  well  as 
against  thermal  transients  and  thermal  hysteresis 
effects . 

In  order  to  satisfy  these  requirements,  the 
following  cuts  in  the  NLSC  family  have  been  developed: 
Doubly  rotated  cuts  whose  orientations  are  defined 
in  terms  of  the  polar  angles  <f>  and  9  ,  which  angles 
lie  on  the  locus  where  the  second-order  frequency- 
temperature  coefficients  are  zero  between  the  angles 
<P  =  10°  ±  2°  and  6  =  110°  t  5°.  These  cuts  fall 
close  to,  or  on,  the  locus  of  zero  coefficients 
of  stress,  as  shown  in  Fig.  3.  In  Fig.  3  it  can 
be  seen  that  Sinha's  locus  [3]  of  zero  stress  coeffi¬ 
cient  of  frequency  and  our  locus  of  zero  tempera¬ 
ture  coefficient  of  frequency,  i.e.,  (b  =  0,  are 
expressed,  in  the  range  of  the  angles  ^  =  10°  ± 

2°  and 

9  =  110°  ±  5°,  as 

<p  =  a  6  ^  b, 

where  a  =  -1.5200  and  b  =  1.8126  x  10^  degrees, 
and  </>  =  c  0  +  d ,  (7) 

where  c  =  -5.7140  x  lO"^  and  d  =  1.6395  x  10*  degrees. 

These  equations  are  solved  as 

1*^0  =  (a  d  -  b  c  )/(  a  -  c  )  ^  9.96°,  1  (8) 

and  (9o  =  (  d  -  b  )/(  a  -  c)  =  112.70°. 

Table  1  shows  the  calculated  physical  features  of 
the  NLSC  family  cuts  operating  on  the  thickness- 
shear  c  mode  in  the  vicinity  of  the  angles  and 
In  Fig.  3  the  region  enclosed  by  two  curves  shows 
the  cut  angles  exhibiting  the  linear  frequency- tempera¬ 
ture  responses.  From  these  results  we  can  predict 
the  stress-compensated  quartz  cuts  with  ultra-linear 
frequency- temperature  responses  in  the  vicinity 
of  the  angles  ®0- 

Experiments 

1)  Resonance  frequency  vs.  temperature  character¬ 
istics. 

The  circular  NLSC  cut  resonator  plate  used 
in  these  experiments  is  cut  at  the  angles  9.2° 
and^=  113.2°,  as  defined  in  Fig.  1  and  to  0.165 
mm  thickness  and  7.40  mm  diameter.  The  electrodes 


are  of  silver  evaporation  applied  to  a  chrome  adhesion 
film  in  the  ordinary  way.  The  resonator  is  kept 
in  N2  gas  in  the  8U-  type  holder.  In  this  resonator 
the  resonance  frequency  responses  for  the  a,  b 
and  c  modes  are  measured  as  shown  in  Fig.  4.  As 
can  be  seen  in  the  figure,  the  piezoelectric  coupling 
coefficient  of  the  c  mode  is  smaller  than  that 
of  the  b  mode.  Values  of  piezoelectric  coupling 
for  thickness  excitation  (TE)  and  lateral  excitation 
(LE)  for  the  three  thickness  modes  of  the  nominal 
NLSC  cut  at  are  given  in  Table  2.  The  NLSC 

cut  resonator  is  at  first  kept  for  about  4  hours 
in  an  oven  filled  with  liquid  N2.  After  confirming 
the  steady  state,  we  begin  to  measure  the  resonance 
frequency  vs.  temperature  characteristics  by  control¬ 
ling  heater  temperature  using  a  copper-constantin 
thermocouple  in  the  oven.  Fig.  5  shows  the  calculated 
resonance  frequency  vs.  temperature  characteristics 
for  the  NLSC  cut,  while  Fig.  6  shows  the  measured 
resonance  frequency  vs.  temperature  characteristics 
for  the  same  cut  operating  on  the  fundamental  c 
mode  in  the  -190°C  to  290°C  temperature  range. 

The  resonance  frequency  is  about  10.447578  MHz 
at  25°C.  These  characteristics  in  Figs.  5  and 
6  coincide  well  with  each  other.  From  Fig.  6  it 
is  seen  that  the  first-order  frequency- temperature 
coefficient  »<.  is  found  to  be  about  13.7  ppm/°C 
by  using  the  least-squares  method.  The  theoretical 
value  is  about  14.4  ppm/°C,  as  given  in  Table  1 
for  bi-plano  plates. 

2)  Oscillation  frequency  vs.  temperature 
characteristics. 

Fig.  7  shows  the  oscillation  circuits  used. 

The  NLSC  crystal  used  in  this  oscillator  experiment 
is  cut  at  the  same  angles  described  before,  to 
0.28  mm  thickness  and  7.40  mm  diameter.  This  partic¬ 
ular  NLSC  cut  is  made  into  a  bi-convex-lens  shape 
of  120  mm  radii  of  curvature.  Fig.  8  shows  the 
oscillation  frequency  vs.  temperature  characteristics 
for  this  NLSC  cut.  The  oscillation  frequency  is 
6.195098  MHz  at  25°C.  From  the  figure  the  first- 
order  frequency-temperature  coefficient  is  found 
to  be  about  15.10  ppm/°C  by  using  the  least-squares 
method.  There  is  a  small  difference  between  the 
resonance  and  oscillation  frequency  responses  vs. 
temperature  with  respect  to  «  .  It  is  felt  that 
this  difference  comes  from  the  difference  in  shapes 
of  the  NLSC  cuts  used  in  the  experiments,  and  pos¬ 
sibly  at  least  partially  from  the  differences  between 
the  conditions  between  the  experiments;  the  resonance 
experiment  is  open-loop,  at,  or  near  the  zero  reac¬ 
tance  point  fR,  whereas  the  oscillation  frequency 
is  closed- loop  at  a  load  reactance  point  fL.  The 
temperature  coefficient  difference  between  the 
two  points  involves  the  temperature  coefficient 
of  the  piezoelectric  constant  k,^  for  the  mode. 

3)  Thermal  time  constants. 

It  is  of  interest  to  know  the  thermal  time 
constant  of  the  NLSC  cut  sensor  [13].  Fig.  9  shows 
an  experimental  circuit  arrangement  with  respect 
to  measurements  of  thermal  transients.  Fig.  10 
shows  the  thermal  shock  responses  for  an  NLSC  cut 
sensor  operating  on  the  fundamental  c  mode.  The 
oscillation  frequency  is  about  6.195  MHz  at  25°C. 

The  responses  are  observed  for  0°C  ^  30°C  rapid 
temperature  changes.  The  NLSC  cut  sensor  is  at 
first  immersed  in  ice  water,  then  in  30°C  water, 
and  vice  versa.  In  the  figure  we  see  that  the 
thermal  time  constant  of  the  NLSC  cut  in  the  0° 

30°C  thermal  shock  tests  is  given  as  ^(.=  11  s. 
Similarly,  Fig.  11  shows  other  thermal  shock  respons¬ 
es  for  the  same  NLSC  cut  temperature  sensor.  It 
is  seen  that  the  thermal  time  constant  measurements 
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are  given  as  =  7.5  s  and  8  s  for  the  70°C  s=* 

100°C  and  100°C=*70°C  thermal  shock  tests,  respec¬ 
tively,  as  shown  in  Fig.  11. 

In  general,  the  thermal  time  constant  is  found 

to  be 

r  =  j)  C  yo2  /  K,  (9) 

where  j>,  C,  K  and  yg  are  the  mass  density,  specific 
heat,  thermal  conductivity  and  thickness  for  the 
crystal,  respectively.  Hence,  from  equation  (9) 
we  see  that  the  thermal  time  constants  of  the  NLSC 
cut  temperature  sensors  can  be  further  improved 
by  changes  in  dimensioning  and  packaging. 

Conclusions 

It  is  found  that  from  our  theoretical  and  experi¬ 
mental  research  that  materialization  of  the  stress- 
compensated  quartz  temperature  sensors  with  ultra- 
linear  frequency- temperature  responses  can  be  precise¬ 
ly  predicted,  thus  helping  to  pave  the  way  for  the 
design  of  temperature  sensing  systems. 
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TABLE  1 

CALCULATED  PHYSICAL  FEATURES  OF  THE  NLSC  FAMILY  CUTS 
OPERATING  ON  THE  THICKNESS-SHEAR  c  MODE. 


No. 

— . 

Y-yo 

V 

(deg. ) 

(MHz -mm) 

(103  m/s) 

1 

10/110 

1.6932 

3.3864 

2 

10/111 

1.6993 

3.3986 

3 

10/112 

1.7058 

3.4116 

4 

10/113 

1.7127 

3.4253 

5 

9.2/113.2 

1.7198 

3.4396 

6 

9.96/112.7 

1.7108 

3.4217 

7 

10/112.5 

1.7092 

3.4184 

8 

10.25/112.5 

1.7076 

3.4153 

cx. 

/V2 

(10-5/'>C) 

(lo-iO/Cc)^) 

(10-11/(C°)3) 

1.7453 

-2.8086 

4.4257 

1.6869 

-1.4006 

4.2048 

1.6274 

-0.1776 

3.9473 

1.5672 

0.9203 

3.6514 

1.4397 

-11.0074 

3.3085 

1.5794 

0.0142 

3.7309 

1.5974 

0.3835 

3.8041 

1.6350 

3.9972 

3.8859 
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Lig.l  A  thin  quartz  crystal  plate. 
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Fig. 4  Resonance  frequency  responses  for  the 
NLSC  cut  operating  on  the  thickness  vibration 
modes . 
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Fig. 2  Loci  of  a=0  and  6=0  for  the  thickness 
c  mode  of  quartz  crystal  plates  as  functions 
of  the  polar  angles  <ti  and  6  in  Fig.l.  Sinha's 
locus  of  zero  stress  coefficient  is  also  shown. 


Fig. 5  Calculated  resonance  frequency  vs.  temperature 
characteristics  for  the  NLSC  cut  operating  on  the  fun 
damental  c  mode. 
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Fig, 3  Our  temperature  compensated  orientations 
((>=c9  +  d  for  6=0)  and  Sinha's  stress  compen¬ 
sated  orientations  (i))=a0  *  b)  in  the  vicinity 
of  the  angles  *=10°  ♦  2°  and  0=110°  +  5°. 


Fig. 6  Measured  resonance  frequency  vs.  temperature 
characteristics  for  the  NLSC  cut  operating  on  the 
fundamental  c  mode. 
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Fig. 7  NLSC  cut  quartz  oscillator  circuit.s. 


T  CO 


Fig. 8  Oscillation  frequency  vs.  tem[iera- 
turc  characteristics  for  the  NLSC  cut  unit. 
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Fie.  10  Themal  shock  responses  for  an  NLSC  cut 
Quartz  temperature  sensor  operating  on  the  fun¬ 
damental  c  mode  in  the  0°C5±.tP°C  temperature 
transients  (fBf.lOS  WIz  at  2.S°C)  . 


Time 


Fig.  11  Thermal  shock  responses  for  an  NLSC  cut 
quartz  temperature  sensor  operating  on  the  fun¬ 
damental  c  mode  in  the  7n°C^inn°C  temperature 
transients  (f=6.195  Ml'.z  at  25°C)  . 


Fig. 9  .An  experimental  circuit  arrangement  for  the 
iDea.surcmcnt s  of  the  thermal  time  constants. 


Table  a 


THERMOMETRIC  QUARTZ  CUTS 
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Gwen  Kaitz 
Hewlett  Packard  Co. 

SlOl  Stevens  Creek  Blvd. 
Santa  Clara,  California  95050 


ABSTRACT 

Irn;  roved  performance  of  the  BT  cut 
quartz  : pressure  transducerlat  extended  pres¬ 
sures  and  temperatures  has  been  achieved 
through  sweeping.  Previously,  high  impurity 
concentrations  within  the  quartz  resonator 
resulted  in  expjonential  resistance  increases 
at  temperatures  beyond  150°C,  thus  rendering 
It  inoperable  above  this  temperature.  By 
sweeping  natural  quartz,  the  impurity  ions 
are  driven  out  and  replaced  by  hydrogen  ions 
which  bond  with  the  oxygen  atoms  to  form 
stable  hydroxide  molecules.  The  resistance 
vs.  temperature  slope  of  the  transducer  is 
markedly  decreased  and  stays  well  below  200 
ohms  up  to  an<i  including  225‘’C.  The  resist- 
anoo  pressure  slope  is  also  flatter  as 

ti.e  t  e  no r  a  t  u  r  e  is  increased,  staying  below 
-•  .hm  '  at  all  t  ■■■  m  vje  r  a  t  u  r  e  s  and  pressures. 

•  test  results  have  shown  that 
ot  the  unit  is  important  from 
o  f  i  n  p  ij  r  i  t  y  levels.  D  i  f  f  e  r  - 
il  guur'tz  lue  to  different 
r  ;  r  silt  in  hi  ghe  r 


since  they  typically  don't  bond  to  the  other 
ions,  but  instead  provide  a  charge  balance 
for  alumina  centers  within  the  quartz.  Above 
ISO'C,  these  ions,  given  thermal  energy,  are 
mobilized  in  the  lattice.  As  a  result  of  this 
ionic  mobility,  the  series  resistance  of  the 
unit  increases  dramatically,  thus  rendering 
the  unit  inoperable  at  temperatures  greater 
than  150'’C. 

By  sweeping  the  quartz  before  process¬ 
ing  it,  the  impurity  ions  are  driven  from  the 
lattice  along  channels  parallt_l  to  the  z-axis 
(figure  2).  In  turn,  the  series  resistance 
of  the  unit  is  lowered  significantly  at  the 
higher  temperatures. 


SWEEPING  PROCESS 

Natural  quartz  crystals  are  first  cut 
into  rectangular  sections  whose  faces  are  at 
45  degrees  relative  to  the  z-axis.  These 
units  are  inspected  for  inclusions,  fract¬ 
ures,  and  defects  wiiioh  may  inhibit  the  tran¬ 
sport  of  ions  along  t'ne  channels  in  the  z 
direction. 


Hfwiett  P-3.::kur'!  has  fabricated  5  MHZ  BT 
u  t  presuire  transducers  from  quartz  crystal 
since  I  J72.  The  pressure  vs.  frequency 
ch a r ac t<  t i s t  i  c  which  this  crystal  exhibits 
when  a  hydrostatic  pressure  is  applied  radi¬ 
ally  to  the  resonator  body  makes  it  a  very 
useful  and  accurate  pressure  measuring  device. 
These  transducers  are  built  into  pressure 
probes  (figure  1)  which  are  widely  used  in 
the  petroleum  industry  for  the  logging  of  oil 
wells  and  to  evaluate  reservoir  performance. 
They  also  have  application  in  making  pressure 
measurements  in  gas  wells.  Presently  this 
probe  has  a  maximum  operating  range  of  ISCC 
and  ilK  psi. 


In  light  of  market  demands,  the  need  for 
a  pressure  probe  which  is  operational  at 
higher  temperatures  and  pressures  has  become 
increasingly  important.  The  current  probe  is 
inoperable  at  extended  temperatures  because 
the  quartz  pressure  transducer  exhibits  ex¬ 
ponential  increases  in  resistance  above  150'’C. 
We  have  developed  an  extended  range  pressure 
transducer  which  is  operational  to  200‘’C  and 
15K  psi.  This  transducer  utilizes  the  same 
design  and  configuration  as  the  present  trans¬ 
ducer  but  it  is  processed  from  swept  natural 
quartz,  whereas,  the  current  units  are  fab¬ 


ricated  from  unswept  natural  quartz.  Unswej 
natural  quartz  contains  high  levels  of  im¬ 
purities,  mostly  alkali  ions,  which  are 
abundant  in  the  environment.  Such  ions  are 
found  interstitiallv  in  the  lattice  structui 


Units  are  then  irradiated  with  gamma 
radiation.  This  radiation  of  the  quartz 
leaves  it  in  varying  shades  of  darkness.  The 
degree  of  darkness  depends  upon  the  concen¬ 
tration  and  type  of  impurity  ions  within  each 
section.  There  appear  to  be  two  distinguish¬ 
able  colors  after  irradiation,  one  being 
yellow  in  nature,  similar  to  citrine  quartz, 
and  the  other  deep  grey,  similar  to  a  smokey 
quartz . 

Three  unswept  units  which  were  rela¬ 
tively  light  in  color  compared  to  the  other 
units  after  irradiation  were  chosen  for  dir¬ 
ect  processing  without  sweeping  in  an  attempt 
to  establish  a  correlation  between  the  degree 
of  darkening  and  the  resistance  of  the  com¬ 
pleted  unit.  After  processing,  resistances 
were  found  to  be  greater  than  500  ohms  at 
200‘’C  for  all  three  units.  This  is  typical 
of  the  unswept  units;  hence,  it  appears  that 
no  such  correlation  exists,  and  any  darkening 
of  the  resonator  results  in  high  resistance 
units.  Therefore,  no  further  selection  pro¬ 
cess  was  used  after  the  initial  inspection 
for  defects  and  all  the  irradiated  units  were 
suitable  for  sweeping.  The  saw  cut  surfaces 
were  plated  with  chrome/gold  electrodes  in  a 
right  angle  configuration  in  order  to  esta¬ 
blish  an  electric  field  in  the  z  direction 
( f igure  3 ) . 

Electrical  contact  with  the  electrodes 
was  then  made  through  spring  loaded  steel 
plates  on  two  of  the  surfaces  (figure  3)  . 

The  chrome  beneath  the  plating  prohibited 
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diffusion  into  the  quartz;  whereas,  gold  plat¬ 
ing  alone  diffused  badly. 

The  sweeping  was  done  in  air  in  a  forced 
convection  furnace  (figure  4) .  The  tempera¬ 
ture  was  increased  over  an  eight  hour  period 
to  450‘’C,  where  it  was  maintained  for  approx¬ 
imately  five  days.  Heating  too  rapidly  re¬ 
sulted  in  thermal  shock  and  fracturing  of  the 
units.  An  electric  field  of  1000  V/cm  was 
established  along  the  z  axis.  The  current 
was  continuously  monitored  as  a  function  of 
time.  The  current  decreased  rapidly  over  the 
first  day  or  so,  then  reached  a  near  steady 
state  condition.  The  voltage  was  then  in¬ 
creased  another  1000  V  to  determine  if  sweep¬ 
ing  was  indeed  complete.  If  the  current  again 
reached  a  steady  state,  sweeping  was  assumed 
to  be  complete  (figure  7).  The  temperature 
was  then  decreased  over  another  eight  hour 
period  while  the  electric  field  remained  to 
insure  that  no  diffusion  of  the  removed  im¬ 
purities  back  into  the  quartz  occurred. 

Upon  completion  of  sweeping,  the  units 
were  r e- i r r adi a ted  with  gamma  radiation  to 
determine  the  degree  to  which  they  had  been 
swept.  If  thoroughly  swept,  the  units  appear¬ 
ed  completely  clear.  If  not,  darkening  re¬ 
mained  in  part  of  the  unit  (figure  6). 

The  units  were  then  processed  into  trans¬ 
ducers  for  testing. 


RESISTANCE  vs,  TEMPERATURE  TESTS 

Resistance  vs.  temperature  tests  were  run 
on  several  fabricated  swept  transducers  and 
unswept  transducers  up  to  and  including  200'’C. 
For  the  swept  transducers,  results  showed  that 
resistances  stay  well  below  200  ohms  over  the 
entire  temperature  range. 

In  fig. 8, the  dashed  line  represents  a 
typical  swept  extended  range  unit's  resistance 
vs.  temperature  curve.  The  solid  line  is  re¬ 
presentative  of  the  resistance  vs.  temperature 
characteristics  of  the  present  unswept  trans¬ 
ducer.  It  is  readily  apparent  that  the  re¬ 
sistance  of  the  unswept  unit  is  well  above 
200  ohms  before  reaching  200‘’C;  whereas,  the 
resistance  of  the  swept  unit  remains  well  be¬ 
low  200  ohms  and  is  relatively  flat  over  the 
entire  temperature  range.  100%  of  the  com¬ 
pletely  swept  units  tested  exhibited  low  re¬ 
sistance  at  the  higher  temperatures. 


HYSTERESIS  TESTING 

Results  from  calibration  testing  of  the 
assembled  probe  indicate  that  the  hysteresis 
increases  considerably  with  extended  temper¬ 
ature  and  pressure  range  (figure  11).  Hyster¬ 
esis  above  150°C  and  IIK  psi  is  much  larger 
than  below  these  limits.  This  hysteresis 
manifests  itself  as  a  frequency  offset  as 
pressure  is  increased  and  then  decreased  at 
constant  temperatures. 

Figure  10  illustrates  a  typical  hyster¬ 
esis  curve  for  a  processed  swept  transducer 
at  temperatures  up  to  and  including  200'’C. 

The  maximum  hysteresis  was  approximately  4 
psi,  four  times  greater  than  at  IIK  psi  and 
ISCC. 

Improvements  in  hysteresis  have  been  made 
by  extensively  cycling  the  finished  transducer 
before  calibration.  In  almost  all  instances, 
nysteresis  improved  up  to  50%.  The  cycling 
relaxes  the  residual  stresses  incurred  during 
processing  of  the  unit.  It  is  also  important 
that  the  units  be  completely  swept  to  insure 
homogeneity  throughout  the  unit.  Impurities 
in  the  lattice  structure  can  cause  stresses 
and  strains,  both  shear  and  direct.  They 
also  result  in  different  temperature  expansion 
properties  within  the  unit. 


CONCLUSION 

Sweeping  of  natural  quartz  has  succeeded 
in  lowering  the  resistance  of  BT  cut  crystals 
at  extended  pressures  and  temperatures.  Fab¬ 
ricated  pressure  transducers  are  now  opera¬ 
tional  up  to  and  including  200°C  and  15K  psi. 
Resistance  of  these  units  stays  well  below 
200  ohms  and  is  relatively  constant  throughout 
the  entire  temperature  range.  No  activity 
dips  exist  over  the  pressure  range  up  to  and 
including  22.5k  psi.  Hysteresis,  however, 
increases  considerably  as  temperature  and 
pressure  are  increased.  Work  to  improve  the 
hysteresis  further  is  presently  underway. 
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RESISTANCE  vs .  PRESSURE  TESTS 


Resistance  vs.  pressure  tests  were  also 
conducted  on  several  transducers  to  determine 
if  pressure  induced  activity  dips  existed  at 
the  higher  pressures.  Pressures  were  varied 
from  atmospheric  to  22. 5K  psi  at  constant 
temperatures  ranging  from  room  temperature  to 
200°C.  Resistances  stayed  well  below  200  ohms 
over  the  entire  pressure  range  at  all  temper¬ 
atures  (figure  9).  The  resistance  vs.  pres¬ 
sure  slope  decreases  as  the  temperature  in¬ 
creases.  This  behavior  is  consistent  with  the 
fact  that  an  activity  dip  has  been  found 
around  CC. 
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Filter  Applicatioiis  of  High  Frequency  Chemically  Polished 
Fundamental  Mode  Bulk  Wave  Quartz  Crystal  Resonators 

Perkunas  J.  Kavolis  and  William  P.  Hanson 
Piezo  Crystal  Company,  Carlisle,  PA  17013 


Summary 

A  number  of  resonator  techniques  have  been  used  to  manu¬ 
facture  high  frequency  narrowband  filters.  Presented  here  are 
results  of  several  filter  designs  manufactured  using  deep 
etched  chemically  polished  quartz  crystals.  Crystal  filters  us¬ 
ing  chemically  polished  resonators  between  40  and  150  MHz 
compare  favorably  with  filters  using  SAW  and  ion  milling 
technology.  Furthermore,  quartz  resonators  at  these  frequen¬ 
cies  can  be  produced  in  quantity,  with  acceptable  yield  and 
cost  using  chemical  etching  techniques.  The  resulting  filters 
have  classical  crystal  filter  characteristics,  with  few  spurious 
responses,  moderate  insertion  loss,  and  band  widths  from 
.07%  to  .6%. 


Introduction 

At  the  37th  Annual  Frequency  Control  Symposium,  Hanson 
[IJ  presented  results  of  some  chemical  polishing  experiments. 
These  experiments  were  based,  in  part,  on  two  papers  by  Vig 
[2]  [3].  The  resonators  resulting  from  these  experiments  were 
promising,  but  very  expensive.  In  the  year  since  that  report 
considerable  progress  has  been  made  in  both  design  and  man¬ 
ufacturing  techniques  of  chemically  polished  quartz  resona¬ 
tors.  The  practical  frequency  limit  for  AT-cut  crystals  has  been 
extended  to  about  80  MHz  on  the  fundamental  mode,  the  fre¬ 
quency  and  electrical  parameters  can  be  well  controlled,  and 
spurious-free  regions  have  been  extended. 

To  demonstrate  the  usefulness  of  this  new  technology,  we 
chose  to  design  and  build  several  crystal  filters  between  40  and 
100  MHz.  Designs  up  to  .3%  bandwidth  were  made.  The  nar¬ 
rowest  feasible  bandwidth  was  about  .07%  because  of  the  lim¬ 
ited  crystal  Q,  Several  crystal  designs  with  differing  electrodes 
and  cuts  were  tried.  We  limited  ourselves  to  below  150  MHz 
because  of  difficulties  measuring  and  fabricating  components 
above  that  frequency. 

Chemical  Polishing 

Chemical  polishing  is  based  on  the  use  of  an  acid  solution, 
such  as  Hydrofluoric  Acid  or  Ammonium  Fluoride,  to  etch 
mechanically  polished  quartz  blanks.  It  is  a  complicated  pro¬ 
cess,  requiring  the  correct  solution,  high  quality  quartz,  and 
great  care  and  cleanliness  for  good  results.  Once  an  acceptable 
technique  is  developed,  however,  it  becomes  a  straightforward 
task  to  repeat  it  to  fabricate  many  chemically  polished  resona¬ 
tors.  Such  a  technique  has  been  developed  for  resonators  be¬ 
low  200  MHz  on  the  fundamental  mode.  Most  of  the  resonators 
fabricated  to  date  have  been  SC-cut  quartz,  but  recently  AT-cut 
resonators  have  been  used  up  to  75  MHz. 

Two  of  the  primary  advantages  of  the  fundamental  mode 
chemically  polished  resonators  are  the  relatively  low  CO/Cl  ra¬ 
tio.  typically  500  to  1000,  and  the  large  spur-ffee  region,  gener¬ 
ally  over  500  KHz.  Major  shortcomings  of  this  process  eue 
moderate  to  low  Q,  typically  less  than  40,000  and  less  accurate 
frequency  setting  than  with  overtone  crystals.  These  character¬ 
istics  make  chemically  polished  crystals  unattractive  for  very 
narrow  bandwidth  crystal  filters  and  for  some  oscillators,  but 
do  not  impair  their  usefulness  in  intermediate  and  wideband 
crystal  filters. 

Measured  parameters  of  several  recently  manufactured  crys¬ 
tals  are  shown  in  TABLE  I.  These  crystals  are  typical  of  the 
results  which  can  be  obtained  with  chemical  polishing. 

All  crystals  were  operated  on  the  fundamental  mode,  and 
were  packaged  in  coldweld  TO-5  type  holders.  As  can  be  seen 


from  the  data,  AT-cut  crystals  have  a  lower  Q  then  the  doubly- 
rotated  SC  and  IT-cut  crystals,  as  well  as  a  lower  CO/Cl  ratio. 
Even  the  SC-cut  crystals,  however,  have  a  lower  CO/Cl  ratio 
than  ion  milled  resonators  as  reported  earlier  by  Bidart  and 
Chauvin  [4J. 


Filter  Design  and  Performance 

Several  filters  were  constructed  to  demonstrate  the  perfor 
mance  of  the  chemically  polished  resonators.  The  designs 
were  chosen  as  a  demonstration  only,  and  not  to  meet  any  spe¬ 
cific  requirement.  Classical  2,  4  and  6  pole  Butterworth  and 
Chebyshev  designs  were  used  and  were  synthesized  using  ef¬ 
fective  parameter  theory.  Ordinary  crystal  filter  assembly  tech¬ 
niques  and  components  were  used.  All  filters  had  50  ohm  in¬ 
put  and  output  impedances  and  were  in  a  sealed  enclosure 
with  SMA  connectors  or  solder-terminals.  A  number  of  differ¬ 
ent  resonator  designs  were  used;  the  effects  are  clearly  visible 
in  the  filter  performance  table. 


Filter  1 


This  filter  is  a  70  MHz  6-pole  filter  with  a  design  bandwidth 
of  50  KHz.  Filter  test  data  and  typical  crystal  parameters  were; 

Filter  Crystals 


Center  Frequency 
3  dB  Bandwidth 
60  dB  Bandwidth 
Insertion  Loss 
Ripple 

Spurious  Suppression 


70.00  MHz 
51.23  KHz 
140.0  KHz 
4.3  dB 
0  dB 
17  dB 


CO:  1.8  pF 
Cl:  3.0  fF 
ratio  CO/Cl:  600 

R:  40  ohms 
Spur-free;  90  KHz 


Note  the  relatively  small  spur-hee  region  of  the  crystals,  and 
the  poor  spur  suppression  of  the  filter.  This  was  due  to  the 
large  Cl,  which  did,  however,  yield  a  filter  design  of  only  350 
ohms  characteristic  impedance. 


Filter  2 


This  is  a  64  MHz,  4-pole  filter  with  a  design  bandwidth  of 
100  KHz,  The  crystals  used  were  SC-cut.  The  measured  filter 
and  crystal  parameters  were: 

Filter  Crystals 


Center  Frequency 
3  dB  Bandwidth 
60  dB  Bandwidth 
Insertion  Loss 
Ripple 

Spurious  Suppression: 
Group  Delay  Ripple 


64.005  MHz 
102  KHz 
950  KHz 
7.2  dB 
0.8  dB 
50  dB 
1.6  fxS 


CO:  0.5  pF 
Cl:  0.33  fF 
ratio  CO/Cl;  1500 

R:  400  ohms 
Spur-free  :  800  KHz 


The  response  of  this  filter  is  illustrated  in  Figures  1  and  2. 
The  reduced  Cl  gave  a  substantial  improvement  in  both  the 
spur-ffee  region  and  spurious  suppression.  The  B-mode  crystal 
response  was  suppressed  by  26  dB.  The  characteristic  impe¬ 
dance  of  this  filter  was  about  3000  ohms.  As  with  most  crystal 
filters,  the  crystals  were  not  all  alike.  There  was  one  crystal 
which  had  a  spur  at  approximately  300  KHz  above  the  center 
frequency.  This  spur  can  be  seen  in  Figure  1. 
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Filters 

This  is  a  100  MHz,  4-pole  filter  with  a  design  bandwidth  of 
300  KHz.  Because  the  bandwidth  is  .3%,  an  intermediate  band 
design  was  used.  The  crystals  used  were  SC-cut.  The  following 
parameters  were  measured: 

Filter  Crystals 


Center  Frequency  ;  100.005  MHz 
3  dB  Bandwidth  :  300  KHz 

60  dB  Bandwidth  :  750  KHz 

Insertion  Loss  ;  7 .0  dB 

Ripple  :  0.8  dB 

Spurious  Suppression;  30  dB 
Group  Delay  Ripple  :  3.5  nS 


CO:  0.6pF 
Cl;  0.48  fF 
ratio  CO/Cl:  1250 

R;  150  ohms 
Spur-free:  700  KHz 


The  response  of  this  filter  is  illustrated  in  Figures  3  and  4. 
Again,  the  low  Cl  resulted  in  a  large  spur-free  region  and  good 
spurious  suppression.  The  B-mode  response  of  the  SC-cut 
crystals  was  also  suppressed  by  about  30  dB. 

In  order  to  reduce  the  characteristic  impedance  we  paral¬ 
lelled  two  crystals  at  all  locations  where  a  crystal  was  called 
for.  This  allowed  us  to  reduce  the  characteristic  impedance  of 
this  filter  to  a  realizable  value,  but  also  raised  the  spur  level. 


Filter  4 

Filter  4  was  fairly  low  in  frequency,  only  38  MHz,  with  a 
bandwidth  of  29  KHz.  It  was  a  two  pole  design.  The  crystals 
used  were  AT-cut,  unlike  the  other  three  filters  discussed  here, 
which  all  used  SC-cut  crystals. 


Filter  Crystals 


Center  Frequency 

38.436  MHz 

CO 

0.75  pF 

3  dB  Bandwidth 

29.1  KHz 

Cl 

2.0  fF 

30  dB  Bandwidth 

192  KHz 

ratio  CO/Cl 

375 

Insertion  Loss 

2.5  dB 

R 

170  ohms 

Ripple 

0.0  dB 

Spur-free 

300  KHz 

Spurious  Suppression 

29  dB 

Figure  5  shows  the  passband  and  stopband  of  filter  4.  The 
spurious  performance  of  the  AT-cut  crystals  was  comparable  to 
that  of  the  SC  cut  crystals,  especially  when  the  relatively  large 
Cl  is  taken  into  account.  The  large  Cl  of  the  crystals  lowered 
the  characteristic  impedance  of  the  filter  to  about  500  ohms, 
making  it  quite  easy  to  build. 

At  the  time  this  filter  was  constructed,  AT-cut  crystals  could 
not  be  successfully  chemically  polished  above  about  50  MHz. 
Since  that  time,  we  have  improved  our  techniques  to  the  point 
where  we  can  now  reliably  fabricate  AT-cut  crystals  up  to  80 
MHz. 


Future  Outlook 

We  foresee  continued  use  of  chemically  polished  fundamen¬ 
tal  mode  quartz  resonators  in  filters.  By  using  AT-cut  crystals, 
spurious  suppression  and  insertion  loss  can  be  improved,  and 
cost  can  be  reduced.  Center  frequencies  up  to  200  MHz  should 
be  attainable  in  the  near  future.  Currently,  AT-cut  crystals  are 
useable  only  up  to  80  MHz,  but  we  hope  to  be  able  to  extend 
this  range.  Immediate  goals  include  further  improvements  and 
automation  of  production  techniques  for  chemically  polished 
resonators  and  investigation  of  the  overtone  modes  of  these 
resonators. 


Filters  up  to  nearly  200  MHz  can  be  manufactured  using 
conventional  crystal  Biter  design  procedures.  For  Biters  be¬ 
yond  200  MHz,  special  design  teclmlques  are  necessary.  We 
have  not  determined  the  us^l  limit  of  the  resonators  them¬ 
selves,  but  other  Biter  components,  especially  coils,  require 
careful  attention.  At  higher  Bequencies,  stripline  techniques 
must  be  used. 

Some  advantages  offered  by  chemically  polished  quartz  res¬ 
onators  are: 

•  large  spur-free  region 

•  low  Co/Cl  ratio 

•  excellent  temperature  stability 

•  acceptable  cost 

•  high  volume  production  is  possible 
Major  drawbacks  are: 

•  low  to  moderate  resonator  Q  makes  them  unsuitable  for 
very  narrow  band  applications 

•  extremely  tight  tolerances  on  electrical  parameters  are 
not  currently  practical 

Filters  using  this  crystal  technology  offer  several  benefits: 

•  low  loss 

•  wide  bandwidths 

•  high  stopband  attenuation 

•  good  selectivity 

•  classical  crystal  filter  designs  are  possible 

•  reduced  tooling  costs 

Piezo  Crystal  Company  is  currently  producing  commercial 
filters  using  AT-cut  chemically  polished  resonators.  As  the 
manufacturing  process  is  refined  and  new  equipment  is  devel¬ 
oped,  we  expect  the  performance  of  these  crystals  and  the  cir¬ 
cuits  using  them  to  improve  considerably  beyond  the  results 
presented  here. 


Table  I 


SERIAL  NO. 

525 

515-1 

577 

510 

605 

Fs  (MHz) 

70.005 

63.953 

99.998 

38.445 

73.189 

CO  (pF) 

1.75 

0.05 

0.6 

0.7 

0.6 

Cl  (fF) 

3.0 

0.33 

0.55 

2.1 

1.0 

CO/Cl 

583 

1500 

1090 

340 

600 

R  (ohms) 

20 

330 

100 

255 

120 

Q 

38,000 

23,000 

29,000 

7,700 

18,000 

SPUR-FREE 

87  KHz 

800  KHz 

500  KHz 

300  KHz 

700  KHz 

CUT  TYPE 

SC 

SC 

IT 

AT 

AT 
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Conclusion 

Chemically  polished  fundamental  mode  resonators  provide 
a  viable  alternative  for  filter  design  above  40  MHz.  SC-cut  reso¬ 
nators  can  currently  be  manufactured  up  to  200  MHz,  AT-cut 
resonators  up  to  80  MHz,  and  experimental  overtone  designs 
to  1.2  GHz. 
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Figure  1:  Filter  2  passbantl  anti  stnpbanci  c;haraf:tertstir.s. 

Tratic  1  -  \’L‘rt:  10  tlB  div  ,  Fioriz:  200  KHz  div 
Tratif  2  -  1  dli  div.,  Hnriz:  10  KHz  div. 


Figure  2:  idllcr  2  passbantl  and  group  tltdax’  t:hara(;t(!rislit:s. 
I'rata'  1-  \urt:  1  dB  div.,  Horiz:  10  KHz  tiiv. 

'r'racc  2  -  \urt:  0.,t  hS  tiiv..  Horiz:  10  KHz  tiiv. 


Figure  4:  Filter  3  passband  and  group  delay  characteristics. 
Trace  1  -  Vert:  1  dB'div..  Horiz:  30  KHz'div. 
Trace  2-  Vert:  1  |iS  div..  Horiz:  30  KHz  div. 


Figure  5:  Filter  4  passband  and  stopband  characteristics, 
Trai;o  1  -  Vert:  1  dB'div.,  Horiz:  4  KHz  div. 
Trace  2  -  \'ert.  1  10  dB  tliv.,  Horiz:  100  KHz  div 
(ienter:  ■  38.430  MHz 


Figure  3:  Filter  3  passband  and  stopband  characteristics. 
Trace  1-  Vert:  1  tlB/div..  Horiz:  30  KHz/div 
Trace  2  ■  Vert:  10  tlB'Div..  Horiz:  100  KHz/div. 
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A  NEW  GENERATION  OE  UHE  EILTERS  FROM  300  MHZ  TO  SOME  GHZ 
USING  "  DIELECTRIC  RESONATORS  " 

Bertrand  D’ALBARET 

Compagnie  d ' Electronique  et  de  Piezo  Electricite  -CEPE 
44  Avenue  de  la  Glaciere  95  100-ARGENTEUIL  FRANCE 


SUWARY 

CEPE  has  succeeded  in  designing  filters  at  fre¬ 
quencies  much  higher  than  those  concerned  by  means  of 
piezoelectric  resonators. 

By  the  use  of  dielectric  ceramic  resonators,  metal¬ 
lized  and  positionned  correctly,  CEPE  has  designed 
filters  operating  at  frequencies  from  a  few  hundred 
MHz  to  some  GHz  and  having  relative  bandwidths  of  0,5 
to  10  %. 

The  results  obtained  by  C  E  P  E  laboratories  from 
several  applications,  already  used  in  the  new  genera¬ 
tion  of  radio-telephone,  prove  that  "  Dielectric 
filters  "  have  a  similar  performance  to  those  designed 
with  air  metallical  cavities  but  they  are  much  less 
cumbersome  and  cost  less. 

INTRODUCTION 

The  extension  to  higher  and  higher  frequencies  of 
filters  for  the  radio-telephone,  the  numerical  tele¬ 
phone  with  elevated  speed,  and  generally  of  aerial 
filters  lead  us  to  find  performant  filters  less  cum¬ 
bersome,  which  would  support  high  power. 

Thanks  to  the  Argon  ion  beam  technique  introduced  by 
M.  BERTE  in  1977  (  51st  Symposium  on  Frequency 
Control  )  and  the  use  of  the  Lithium  Tantalate, 

CEPE  now  provides  piezoelectric  filters  up  to 
500  MHz  in  fundamental  mode,  reaching  5  %  bandwidths 
and  up  to  700  MHz  in  third  overtone  (  see  my  paper 
dated  1982  at  the  56Th  Symposium  on  Frequency  Control 
Recent  advances  in  UHF  Crystal  Filters  ). 

In  this  paper,  we  present  new  products  concering  fil¬ 
ters  composed  of  dielectrical  resonators  and  operating 
for  the  moment  from  700  MHz  to  2  GHz. 


STATE  OF  THE  ART 

It  has  been  known  for  a  long  time  that  dielectrical 
samples  exhibit  electromagnetic  resonances  as  soon  as 
the  wave-length  gets  shorter  than  the  sample  size.  If 
the  resonance  frequency  is  stable,  depending  on  the 
time,  temperature....  etc,  such  devices,  known  as  die- 
lectricai  resonators,  are  very  useful  for  making  mi¬ 
crowave  filters  and  oscillators  allowing  size  reduc¬ 
tion  and  easier  manufacturing. 

The  composition  used  (  Zr,  Sn  )  TiO^,  developped  by 
THOMSON  CSF  Corbeville  Labroratories,  offers  a  concur¬ 
rently  low  temperature  coefficient  of  resonance  fre¬ 
quency  adjustable  within  1  ppm/°C  between  -  20  and 
+  20  ppm/°C,  low  microwave  loss  :  this  is  quite  linear 
versus  frequency,  so  that  the  resonators  can  be  cha¬ 
racterized  by  the  product  Q  x  Frequency  which  is  about 
40000  GHz  (  from  2  GHz  to  100  GHz  ),  and  gives  a  good 
reproductibility  of  the  dielectric  constant  f  f 
(  typically  :  57  +  0,5  ). 

The  discontinuity  between  two  media  of  different 
constants  generates  standing  waves.  So  it  is  obvious 
for  some  interface  geometries  and  for  certain  values 
of  incident  frequency  that  standing  fields  can  be 
created  similar  to  those  existing  inside  metallic 
cavities. 

OFFERED  POSSIBILITIES 

In  the  range  of  very  high  frequencies  called  UHF 
(  practically  from  300  MHz  to  5  GHz  ),  resonators 
and  filters  designed  with  these  elements  are  often 
constituted  by  pieces  of  lines. 

The  technique  of  coaxial  lines  loaded  with  dielectric 
imposes  a  particular  form  :  resonators  are  identical 
to  hollow  tubes  internally  and  externally  metallized 
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(,  fig.  1  A  resonator  of  10  mm  diameter  with  silver 
metallization  has  typically  a  quality  factor  of  900  at 
1  GHz.  furthermore  the  design  of  the  coaxial  structure 
IS  rather  complicated  due  to  the  various  work  processes 
and  metallization  of  elements  with  circular  section. 

The  technique  of  microstriped  lines  (  fig  2  )  facili¬ 
tate  the  design  of  resonators  from  a  rather  wide  die¬ 
lectric  substratum  of  which  one  face  is  metallized  and 
the  other  receives  a  metallic  conductor  similar  to  a 
slim  strip.  But  the  quality  factors  are  always  low 
(  <  500  )  and  furthermore  it  is  practically  impossible 
to  adjust  the  resonance  frequencies  of  the  resonators 
and  their  mutual  coupling. 


THE  BISTRIPED  RESONATOR 


We  can  also  get  a  quarter  wave  resonator  (  drawing  5  ) 
by  metallizing  only  extremity  3,  as  well  as  faces  1 
and  2.  Then,  we  obtain  a  resonator  X/  ^  with  length 

<\  g  /  A. 

Table  6  gives  quality  factor  and  resonance  frequency 
values  according  to  section  and  length,  and  this,  for 
a  material  with  dielectric  constant  37  and  silver 
metallizations  done  with  a  silk-screen  process. 

We  observed  that  quality  factor  Q  is  proportional  to 
edge  ;  a,  and  that  with  constant  section,  quality 
factor  varies  with  the  frequency  squarerrot. 

We  can  write  Q  =  K  a  rr 
K  IS  a  proportionality  coefficient. 


In  order  to  offset  these  disadvantages,  resonators 
have  been  designed  from  a  parallelepiped  constituted 
of  dielectric  material  with  a  rectangular  section  of 
sides  :  a  and  b  (  Fig  3  ).  Anyway  we  design  a  line  by 
metallizing  two  opposed  faces  of  the  parallelepiped 
and  we  have  a  resonator  A/  A  or  X/  2  according  to 
length  and  termination  of  line. 


METALLIZATION  STUDY 

As  necessary  metallization  thickness  must  be  superior 
to  that  of  the  skin  effect,  some  measurements  have 
permitted  to  draw  on  picture  7  the  quality  factor 
curve  according  to  metallization  thickness  for  silk- 
screen  process  with  silver  lake. 


Metallizations  1  and  2  cover  two  opposed  sides  of  the 
dielectric.  This  line  propagates  electromagnetic  and 
transverse  waves  with  an  efficient  index  ne  :  ^ ° 

Xg 

(  X  o  =  wave  length  in  vacuum 

Xg  =  wave  length  in  the  bistriped  quid  ). 


FREQUENCY  STUDY 


Resonators  can  be  adjusted  in  frequency  :  this  one 
grows  by  grinding  the  non  metallized  extremity  and 
decreases  by  grinding  edges  towards  resonator  center. 


and  can  present  proper  resonant  frequencies  depending 
on  whether  the  length  value  L  is  an  odd  or  even  mul¬ 
tiple  of  X/  A  and  according  to  conditions  at  the 
limits. 

Half  wave  resonators  can  be  obtained  as  shown  in  pic¬ 
ture  3,  that  is  to  say  in  opened  network  with 
L  =  ^  ^  ;  the  resonator  is  metallized  on  two  of  its 

2 

sides  1  and  2  only. 

A  half  wave  resonator  can  also  be  obtained  by  metalli¬ 
zing  extremity  faces  3  and  A  further  to  faces  1  and  2 
(  drawing  4  ).  These  conditions  at  limits  make  it  a 
resonator  Xg  /  2  for  L  rX  g  /  2. 


Frequency  can  also  be  adjusted  by  stricking  on  the 
resonator  either  dielectric  or  metal. 

Picture  8  shows  frequency  difference  A F  got  either 
by  deplacement  of  a  dielectric  disc,  or  by  deplacement 
of  an  aluminium  disc. 

In  order  to  characterize  resonators  in  an  electrical 
and  a  reproductible  way,  it  has  been  necessary  to 
define  a  test  set.  Measurement  of  quality  factor  and 
frequency  of  resonators  highly  depend  on  their  envi¬ 
ronment.  Consequently,  all  measurements  have  been 
carried  out  with  the  same  test  set  (  Picture  9  ). 

Resonators  impedance  being  close  to  50.J\,  quality 


255 


factor  mt'-asurcnient  is  used  ,  fig  1U  . 

Maximum  coupling,  that  is  to  say,  maximum  attenuation 
IS  researched  by  making  distance  between  captor  and 
ri'sonator  vary  :  then  we  can  get  resonance  frequency 
fo  and  quality  factor  Q  through  formula  : 


Q,5  X  li.j  Bw  r  bandwidth  at  3  dB  (  see  picture 
I  1  ' 

CDUPllNG  COEFFICIENT  MEASUREMENT 

Coupling  coefficient  between  two  resonators  with  reso¬ 
nance  frequency  fo  depends  on  distance  between  them 
and  an  their  mechanical  environment.  A  metal  test  case 
has  been  defined  with  its  captors  for  a  choosen  reso¬ 
nator  section  '  Picture  12  ,,  and  so  it  has  been  pos¬ 
sible  to  draw  coupling  coefficient  curves  according 
to  the  distance  separating  the  resonators.  Picture  13 
presents  this  graph  for  resonators  with  section 
7  X  7  mro  at  frequency  900  Mflz. 

FILTER  REALIZATION 

Consequently  a  passbnnd  filter  can  be  made  by  dispo¬ 
sing  several  resonators  one  beside  the  others  inside 
a  case  1  fig  14  ,.  Vfe  have  prefered  resonators  A/  4 
because  of  Itieir  lower  length. 

Resonators  miel al  1  izat ions  are  respectively  parallel 
between  them  and  perpendicular  to  isolating  substra¬ 
tum.  Coupling  between  resonators  is  made  through  mu¬ 
tual  inductance.  Conductors  1  and  2  form  coupling 
rings  and  are  used  as  excitator  and  collector. 

f  liter  putting  into  operation  is  made  through  previous 
adjustment  nf  proper  resonators  frequencies  and  then 
through  obtaining  coupling  coefficients  requested  by 
filter  synttiesis,  arid  Itiis  by  adjusting  distances 
betwi'en  resonators  carefully. 

It  IS  also  possible  to  make  stopband  filters  as  stiown 
picture  1''.  A  conductor  whirti  can  be  the  core  of  a 
coaxial  line  '  1  i  is  placed  perpendicularly  to  reso¬ 
nators  on  their  short -c i rcoi I  side  and  allows  t rans- 
m  1  ss  I  on  and  cri  1  1  ec  t  i  on  s  i  qria  I  . 


We  now  present  a  few  examples  of  dielectrical  filters 
which  we  have  made  using  this  principle. 

PA55BAND  FILTERS 

-  e  q  1  -  2  poles  Filter. 

this  concerns  the  local  oscillator  filter  of  the 
future  900  MHz  radiotelephone.  Ihis  filter  is  desi¬ 
gned  with  resonators  of  section  6x6  mm. 

Central  frequency  fo  =  1  037,9  MHz 
Insertion  loss  It  .4  1  dB 

1  dB  Passbandwidth  Pbw  >,  29  MHz 
20  dB  At  tenuat  ionbandwidth  199  MHz 
Gee  response  curve  in  Fig.  16. 

-  e  g  2  -  3  poles  filter. 

An  antenna  filter  at  900  MHz  designed  with  resona¬ 
tors  of  section  8x8  mm. 

Fo  =  900  MHz 
It  2  dB 

5  dB  Pbw  >+  10  MHz 
60  dB  Abw  ,$  +  70  MHz 
See  response  curve  in  Fig.  17. 

-  e  q  3  -  4  poles  filter. 

This  filter  at  1,9  GHz  designed  with  4  resonators 
of  section  7  x  7  mm  is  used  for  a  radar  application. 
We  can  see  the  prototype  on  the  photo  Fig.  18. 

Fo  :  1,919  GHz 

PI  2,9  dB 

5  dB  Pbw  +  12  MHz 

40  dB  Abw  ,^  +  60  MHz 

60  dB  Abw  4+100  MHz 

See  response  curve  in  Fig.  19. 

-  e  q  4  -  9  poles  filter 

Ihis  1,3  GHz  Filter  is  used  for  the  recuperation  of 
the  rhythm  frequency  in  the  future  generation  of 
numerical  transmission  system  with  very  high  speed 
on  optical  fiber.  This  Filter  is  designed  with  reso¬ 
nators  of  section  10  x  10  mm  (  see  photo  Fig.  20  ). 
fo  =  1,5  GHz 
U  4  6  dB 

5  dB  Pbw  ^  +  1,9  MHz 
20  dB  Abw  4  +  6,9  MHz 
30  dB  Abw  4  +  20  MHz 
See  response  curve  in  fig.  21. 
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In  addition,  in  order  to  preserve  the  phase  coherence 
of  all  the  repeaters,  all  the  filters  phases  at  the 
central  frequency  must  be  trimmed  with  a  precision  of 
+  20°  and  a  maximum  drift  of  +  10°  is  tolerated  in  the 
bandwidth  +  20  KHz  and  +  40°  in  the  bandwidth 

130  KHz,  in  the  temperature  range  +  10°C,  +  50°C. 

STOPBAND  FILTER 

See  photo  F ig.  22. 

-  e  g  S  -  4  poles  stopband  filter 

A  4  poles  rejector  designed  with  resonators  of  sec¬ 
tion  6  X  6  mm. 

To  =  939  MHz 
It  .J  1  dB 

30  dB  Abw  >^  +  2,5  MHz 

3  dB  Pbw  +  10  MHz 
See  response  curve  in  Fig.  23. 

DOUBLE  FILTER 

-  e  q  6  -  900  MHz  Diplexer  for  the  future  european 
radio-telephone  (  see  photo  Fig.  24  ). 

This  is  made  up  of  two  6  poles  filters  in  the  same 
case  with  a  common  input,  which  involve  an  excellent 
return  loss  (  ^  13  dB  ).  We  present  hereunder 
results  of  first  prototype  (  see  curves  Fig.  25  ). 


T  ransmitter 

Receiver 

Insertion  loss 

2,5  dB 

3  dB 

0,5  cfi  Passbandvidth 

890  -  915  MHz 

935  -  960  MHz 

60  cB  Atteruatiortieniiiidth 

855  -  948  MHz 

913  -  987  MHz 

These  first  results  will  be  ameliorated,  especially 
for  the  insertion  loss. 


The  temperature  range  is  of  -  35°  C  to  80°  C.  Some 
trials  at  high  level  have  demonstrated  that  these 
filters  endure  a  power  of  approximately  25  W  with 
the  section  of  resonator  choosen  here  :  7  x  7  mm. 


It  is  possible  by  an  additionnal  circuit  including  a 
varactor,  to  shift  the  frequency  of  each  resonator  by 
a  variable  tension,  of  a  same  margin F  and  so  to 
change  the  central  frequency  preserving  the  same  band¬ 
width.  We  can  observe  the  phenomenen  on  the  curves 
Fig.  26. 

CONCLUSION 

The  frequency  limit  for  the  fundamental  mode  is  ap- 
proximatively  2  GHz  with  this  technology,  but  with  the 
3rd  or  3tl.  overtone,  it  seems  that  it  is  possible  to 
design  filters  up  to  5  or  10  GHz. 

Filters  manufactured  according  to  this  technology 
present  a  certain  number  of  advantages.  The  main  ones 
being  : 

.  the  bulk  is  reduced  because  of  the  high  dielectric 
constant  of  the  material  (  Sc  :  37  ) 

.  realization  possibilities  from  300  MHz  up  to  5  or 
10  GHz 

.  high  quality  factor  allowing  a  low  insertion  loss  of 
1  to  6  dB  according  to  the  bandwidth 
.  relative  bandwidth  from  0,5  %  to  10  % 

,  remarkable  out  of  band  attenuation  >  120  dB 
.  a  low  temperature  coefficient  :  a  few  ppm  /  °C 
.  faculty  of  supporting  power  >  20  W 
.  possibility  of  sweeping  in  frequency  by  a  variable 
tension. 

This  technology  has  furthermore  a  great  advantge  :  a 
very  low  cost. 

C  E  P  E  is  now  ready  to  design  a  trial  series  in  labo¬ 
ratory  for  frequency  lower  than  2,6  GHz  and  starting 
of  definite  series  will  take  place  from  1985. 
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SHIFTABLE  FILTER 

-  e  g  7  -  Shiftable  frequency  filter  by  varactor 
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Abstract 

Lithium  tantalate  is  known  to  have  temperature  stable 
propagation  directions  for  the  bulk  shear  mode.  Shear 
wave  excitation  requires  that  c-axis  orientation  of 
ZnO  crystallites  be  either  40°  or  90°  from  the  sub¬ 
strate  surface  normal  and  applied  RF  field  direction. 

We  chose  to  deposit  obliquely  oriented  film  (c-axis 
tilted  w.r.t.  substrate  normal). 

We  describe  the  performance  of  lithium  tantalate 
transmission  resonators  fabricated  with  two  ZnO 
shear  mode  transducers  aligned  on  opposing  faces  of 
the  substrate.  The  substrates  have  been  fabricated 
using  singly  rotated  cuts  of  LiTaOj.  The  plate  of 
the  cut  is  -19  degrees  away  from  the  z  axis  along  x. 

The  complete  results  for  a  number  of  resonators  tested 
so  far  will  be  described.  The  insertion  loss  for 
these  resonators  varies  from  -42  dB  to  -22  dB  at 
resonance  in  S  band.  Loaded  Q  values  in  excess  of 
10^  at  1.6  GHz  have  been  observed.  Temperature 
stability  data  of  an  overtone  resonance  near  1.6  GHz 
has  been  taken  over  a  ter.iperaure  range  of  -40°C  to 
+80°C.  A  parabolic  frequency  dependence  on  temperature 
has  been  observed. 


Introduction 


As  a  result  of  growing  interest  in  developing  a 
freauency  standard  that  responds  at  microwave 
frequencies  (1-3  GHz  range)  for  low  noise  oscillator 
applications  the  high  overtone  bulk  acoustic  resonator 
(HBAR)  has  been  under  investigation  during  the  last 
few  years. Earlier  HBAR  investigations  have 
utilized  high  overtone  longitudinal  modes  generated 
by  ZnO  transducers  aligned  on  opposing  faces  of  a 
nonplezoelectrlc  substrate.  This  configuration 
provides  a  transmission  cavity  resonator  which 
takes  advantage  of  the  high  Q,  low  propagation  loss 
characteristics  in  materials  such  as  YAG  and  MgAil204. 
In  YAG  substrates  cut  with  <111>  normal,  for  example, 
loaded  0  values  in  excess  of  50,000  have  been 
observed  at  1.8  GHz.  A  vibration  sensitivity  of 
1  X  10“'Vg  has  been  measured  for  these  resonators 
which  is  approximately  two  orders  of  magnitude  lower 
than  for  a  typical  three-point  mounted  AT-cut  quartz 
crystal. 5  This  has  led  to  compact,  robust  oscillators 
exhibiting  low  noise  and  vibration  immunity  at  S-band. 
The  temperature  coefficient  of  these  resonators  is 
about  40  ppm/°C  and  for  a  number  of  systems  applica¬ 
tions  this  is  unsatisfactory. 


Lithium  tantalate  is  known  to  have  temperature  stable 
propagation  directions  for  the  bulk  shear  mode. 

Previous  work‘^>^  has  mapped  these  directions.  Plate 
shear  lithium  tantalate  resonators  have  been 
demonstrated.^  For  our  current  work  we  have  employed 
the  first  order  temperature  coefficient  map  repre¬ 
sented  in  Figure  1.  In  this  figure  the  dark  areas  are 
regions  of  positive  temperature  coefficient  and  the 
white  area  covers  the  region  of  negative  coefficients. 
The  borders  between  the  regions  define  rotational 
angles  of  the  substrate  plate  for  which  the  first  order 
temperature  coefficient  of  frequency  is  zero.  The 
inset  in  Figure  1  shows  the  convention  for  the 
rotational  angles  used.  The  shear  mode  propagation 
direction  is  normal  to  the  rotated  plate.  In  this 
Initial  work  we  have  elected  to  concentrate  on  single 
rotated  plates  with  ip  =  0  and  9  near  -19°.  This 
rotation  as  shown  in  the  figure  is  19°  counterclock¬ 
wise  away  from  z  about  x.  This  cut  allows  for  simple 
angular  adjustments  at  the  bottom  boundary  of  the 
small  positive  "island"  between  6=0  and  0  =  -30°. 

The  cut  plates  are  polished  to  a  thickness  of  about 
940  microns  which  results  in  a  shear  mode  overtone 
separation  near  2  MHz.  For  the  cut  described,  the 
fast  and  slow  shear  modes  are  not  degenerate  but  are 
separated  by  about  0.2  MHz.  Our  observations  to 
date  have  shown  that  the  frequency  change  with 
temperature  of  the  fast  shear  mode  can  be  tracked 
without  difficulty.  The  longitudinal  mode  resonances, 
if  they  exist,  are  readily  identified  because  they 
have  a  3.3  MHz  separation. 

Recently  plate  shear  lithium  tantalate  resonators 
have  been  demonstrated.^  For  this  purpose  thin 
LiTa03  plates  were  obtained  by  direct  ion  milling  of 
single  crystal  wafers.  In  this  paper  we  describe  the 
performance  of  lithium  tantalate  transmission 
resonators  fabricated  with  two  shear  mode  transducers 
aligned  on  opposing  faces  of  the  substrates. 


Experimental 


The  generation  of  shear  modes  using  a  plane  parallel 
transducer  geometry  requires  that  the  ZnO  c-axis 
crystallite  orientation  be  tilted  with  respect  to  the 
plane  of  the  transducer  contacts.^"®  This  inclination 
insures  that  the  RF  field  excites  the  ZnO  to  produce 
shear  waves  while  fully  suppressing  production  of 
compressional  waves.  There  are  two  angles  of  tilt 
for  which  this  hold-g  true:  40°  and  90°.  While 
different  technloues  have  been  proposed  for  depositing 
C-axis  in-plane  (90°  tilt)  ZnO  films,  none  of  them 
appears  satisfactory  and  reproducible.  We  have  chosen 
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to  deposit  films  with  C-axis  tilted  with  respect  to 
substrate  normal  (oblique  orientation).  Recently, 

Wang,  Lakin,  and  Landin^»^^  have  taken  a  similar 
approach.  They  have  successfully  sputtered,  using 
the  magnetron  technique,  up  to  10  urn  thick,  ZnO 
films  having  C-axis  tilt  up  to  45°.  Using  these 
films  on  silicon  membrane,  they  have  fabricated 
shear  mode  resonators  operating  in  the  200-400  MHz 
range. 

In  an  earlier  paper, ^  we  demonstrated  the  generation 
of  shear  mode  bulk  waves  at  microwave  frequencies, 
with  KV  diode  sputtered  ZnO  films.  We  obtained  the 
obliquely  oriented  films  by  placing  the  substrate 
3  cm  radially  away  from  the  center  and  taking 
advantage  of  geometrical  nature  of  vapor  species 
incident  on  the  growing  film.  Recently,  we  have 
demonstrated  shear  mode  excitation  in  a  ZnO  film  that 
was  subiected  to  low  energy  ion  bombardment  during 
growth.®  In  this  work  we  have  restricted  ourselves 
only  to  the  latter  technique. 

Zinc  oxide  films  used  in  this  work  were  deposited 
by  RF  diode  sputtering.  Details  of  the  system  and 
the  deposition  parameters  have  been  reported  else¬ 
where.^  ZnO  films  were  deposited  onto  metallized 
LiTaO-j  substrates  in  a  RF  diode  sputtering  system 
which  is  routinely  pumped  down  to  5  x  10“®  torr 
before  sputtering.  The  3  inch  diameter  x  1/4  inch 
thick  hot  pressed  ZnO  target  (MRC  Mars  Orade;  was 
sputtered  in  Ar  +  O2  (5:2)  mixture  using  sputtered-up 
configuration.  The  total  pressure  was  9  mTorr. 

An  RF  bias  of  lOOV  is  applied  to  the  substrate 
during  deposition. 

The  shear  mode  transducers  are  formed  using  an 
aluminum  bottom  contact  in  a  coplanar  RF  line 
conf  igurat  ion  .  *■  The  1200A  thick  film  of  chromium- 
aluminum  provides  a  non-crienced  bed  for  the  Z.nO 
sputtered  layer  as  well  as  the  RF  ground  plane. 

The  ZnO  deposition  is  made  on  this  bottom  contact 
through  an  appropriate  mask.  The  top  contact  is  made 
with  a  chrome  aluminum  deposition  (1200X)  through  a 
metal  mask  forming  a  finger  over  the  ZnO  film  ci 
the  bottom  contact.  The  extension  of  this  finger 
provides  a  second  RF  contact  pad.  The  area  of  the 
transducer  thus  formed  is  typically  125  pm  x  125  pm. 
The  resonator  substrates  are  mounted  in  a  holder  which 
provides  compressional  RF  contacts  to  the  transducer 
pads  which  connect  to  a  3  millimeter  coa:  ial  fitting. 

Several  transmission  resonators  were  fabricated  with 
two  ZnO  shear  mode  transducers  aligned  on  opposing 
faces  of  the  substrate.  The  resonator  response  is 
then  measured  using  a  HP  8410C  network  analyzer  with 
a  HP  8340A  synthesized  sweeper.  This  sweeper  has  a 
resolution  of  1  Hz  at  2  OHz. 

Results  and  Discussion 

All  evaluations  to  date  have  been  performed  on 
resonators  open  to  the  atmosphere.  The  range  of 
loaded  0  values  obtained  in  YAC  using  an  open 
package  is  shown  in  Figure  2.  The  results  for  two 
orientations  of  YAG;  cube  edge  and  body  diagonal 
are  shown  for  longitudinal  mode  resonance.  The 
effect  of  acoustic  aperture  size  on  insertion 
loss  and  loaded  Q  at  room  temperature  for  frequencies 
near  1.5  GHz  are  shown  in  the  figure. 

For  the  series  of  runs  which  measure  the  frequency- 
temperature  characteristics  of  the  lithium  tantalate 
shear  mode  resonators  an  environmental  oven  has  been 
modified  to  accommodate  the  open  resonator  package. 
The  resonators  are  mounted  in  an  enclosure  within 
the  oven.  Drv  nitrogen  at  a  slight  positive 


pressure  is  let  into  the  enclosure  through  a  heat 
exchanger  inside  the  oven.  A  Tenney,  Jr.  environmental 
chamber  with  a  controlled  temperature  range  of  -80°C 
to  +177°C  is  used  together  with  a  Doric  410A-P7 
temperature  monitor  with  a  RTD  detector  attached  to 
the  resonator  package.  Overall  temperature  accuracy 
is  +  C.2“C. 

Figure  3  shows  the  results  for  a  shear  mode  trans¬ 
mission  resonance  near  1.1  GHz  in  lithium  tantalate 
for  a  cut  near  6  =  -19®,  <|)  =  0.  The  shear  mode 
propagation  direction  is  along  the  plate  normal  as 
defined  by  the  angles  in  Figure  1.  A  parabolic 
temperature-frequency  characteristic  is  observed 
in  the  measured  v..lues  as  is  shown  in  Figure  3.  The 
square  points  in  the  figure  are  results  obtained  in  a 
run  made  at  a  different  time  than  that  for  the  cross 
points.  A  second  resonator  was  measured  over  an 
increased  temperature  range  at  a  frequency  near 
1.6  GHz.  The  results  are  shown  in  Figure  4.  The 
measurements  made  to  date  on  the  single  rotated  cut 
show  a  consistent  turnover  region  near  -40°C  as  shown 
in  Figures  3  and  4.  Other  cats  currently  are  under 
investigation  with  the  goal  of  providing  a  turnover 
near  room  temperature.  Presently  loaded  Q  values 
range  between  10  and  30  thousand  and  higher  values 
may  be  anticipated  with  improved  resonator  design. 

We  are  pleased  to  acknowledge  G.  A.  Ferguson  and 
D.  H.  Watt  for  their  assistance  in  film  preparation 
and  resonator  fabrication.  We  would  like  to  thank 
G.  B.  Draper  for  his  help  in  device  measurement. 

Many  helpful  discussions  with  R.  W.  Weinert, 

W.  J.  Takei  and  H.  A.  Salvo  are  gratefully 
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Figure  1.  zero  temperature  cuts  are  on  the  loci 

between  the  positive  and  negative  temperature 
coef  f icients . 


Figure  3.  Temperature-frequency  measurements  on 
^  =  -19®»  =  0  cut  of  lithium  tantalate. 
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Figure  2.  Insertion  loss  and  loaded  Q  as  a  function 
of  resonator  acoustic  aperture  for  the  longitudinal 
mode  In  YAC. 


Figure  A.  Extended  range  measurements  on  6  =  -19.25°, 
<1)  =  0  cut  of  lithium  tantalate. 
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Abstract 

Fundamental-mode  Pierce  Oscillators  In  the  250  to 
710  MHz  range  have  been  realized  utilizing  thln-fllm 
bulk-acoustlc-wave  (BAW)  resonators.  Initial 
oscillators  have  demonstrated  a  phase  noise  of  100 
dBc/Hz  (1  KHz  offset)  and  power  levels  of  +6  dBm.  A 
linear-model  design  approach  was  used.  The  circuit 
topolo'  used  and  resonator  fabrication  technique 
shows  ,  at  promise  for  the  creation  of  MMIC  circuits 
in  the  zOO  MHz  to  2  GHz  range. 


yiiy22  -  yi2y2i  =  ° 
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Expanding  Eq.  (2)  and  collecting  real  and  imaginary 
results  in  two  equations  that  must  be  satisfied: 


Introduction 
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The  maximum  frequency  of  operation  of 
fundamental-mode  crystal-controlled  oscillators  is 
restricted  to  the  relatively  low  resonant  frequencies 
of  the  crystal.  Typically  those  fundamental  modes 
are  several  lO's  of  MHz,  though  Ion-beam  milling 
techniques  have  been  used  to  fabricate  quartz 
resonators  operating  to  525  MHz^. 
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This  paper  describes  the  performance  of  Pierce 
Oscillator  whose  resonant  element  Is  a  unique  form  of 
thln-fllm  bulk-acoustlc-wave  (BAW)  resonator.  These 
resonators,  illustrated  in  Fig.  I,  have  been  fabri¬ 
cated  with  fundamental  resonances  from  200  MHz  to  over 
800  MHz  with  O's  in  excess  of  9000.  Oscillators  In 
the  250  to  300  MHz  range  have  been  realized  using 
composite  resonators  composed  of  a  thin  film  of  ZnO 
sputtered  onto  a  thin  Si  supporting  membrane^. 
Oscillators  in  the  580  to  710  MHz  range  have  been 
realized  us'ng  edge  supported  resonators  composed  of  a 
thin  film  of  AIN  without  the  supporting  Si  membrane^. 

Oscillator  Design 


When  the  y-parameters  of  the  composite  active 
device,  network  A,  are  known,  Eq,  (3a)  represents  a 
hyperbola  and  Eq.  (3b)  represents  a  straight  line  in 
terms  of  the  tuning  susceptances ,  b^g  '’oB* 
Equations  (3a)  and  (3b)  are  solved  simultaneously  for 
either  bj^g  or  bgg  by  substitution  and  only  those 
solutions  where  bj^g  and  bgg  represent  capacitive 
susceptances  are  utilized. 

Due  to  the  nature  of  Eq.  (3),  three  possible 
solution  situations  exist  and  are  determined  by 

’  (8rA’’fA'"’’rA2fA^^  '  ^^g^A^oA^^ 


The  Pierce  Oscillator,  Fig.  2,  can  be  modeled  as 
two  interconnected  networks.  Fig.  3,  where  network  A 
is  a  composite  active  device  whose  y-parameters  are 
known  measurable  quantitltes  and  network  B  contains 
the  tuning  susceptances.  The  y-parameter  matrix  of 
the  Pierce  Oscillator  Is  obtained  by  adding  the 
y-pr-’rameter  matrices  of  the  Individual  networks  and 
Is  /en  by: 
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If  this  quantity  is  negative,  bj^g  and  bgg  are 
complex  quantities.  Because  b^g  and  bgg  are  Inversely 
related,  the  onset  of  oscillation  condition  cannot  be 
achieved  using  the  passive  susceptance  tuning 
configuration  of  Fig.  3.  If  is  zero  or  positive, 
the  onset  of  oscillation  condition  can  be  satisfied 
with  one  or  two  combinations  of  b^g  and  bgg , 
respectively.  This  quantity  Is  used  In  establishing 
the  values  of  the  oscillator  circuit  components. 

Because  this  analysis  Is  based  on  linear  small- 
signal  y-parameters,  not  all  solutions  arrived  at  will 
result  In  stable  oscillations.  Some  of  the  solutions, 
which  predict  Initial  Instability,  do  not  result  In 
stable  limit-cycles.  A  rigorous  solution  would  have 
to  Incorporate  a  non-llnear  model. 

Experimental  Results 

A  scries  of  oscillators,  one  of  which  Is  shown  In 
Fig.  ‘I,  were  built  according  to  this  design  procedure. 
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The  oscillator  pictured  shows  the  thln-fllm  resonator, 
top  TO-18  header,  the  active  device,  bottom  TO-18 
header,  and  the  Input  and  output  RF  chip  capacitors. 
Oscillator  bias  and  output  matching  components,  not 
shown  In  Fig,  4,  are  contained  within  the  bias-test 
stand.  Discrete  devices  were  used  to  facilitate  the 
collection  of  y-parameter  data.  In  all  the 
oscillators,  MRFC904  bipolar  chip  transistors  were 
used  for  the  active  device. 

Y-parameter  data  from  candidate  resonators  and 
active  devices  were  obtained  using  an  HP8505  network 
analyzer.  Resonator  data  were  obtained  from  Just 
below  series  resonances  to  just  above  parallel 
resonance  and  active  device  data  were  obtained  near 
the  resonator's  series  resonance.  An  equivalent 
model  of  a  259  MHz  ZnO  composite  resonator,  based  on 
y-parameter  data.  Is  shown  In  Fig.  5.  Capacitors 
and  Cn,2  represent  mounting  parasltlcs  and  typically 
are  not  equal  due  to  asymmetries  In  the  resonator 
mounting. 

At  each  frequency  point,  Eq.  (4)  Is  evaluated. 

If  It  Is  zero  or  positive,  Eq.  (3)  Is  solved  for  bj^g 
and  bog.  Only  those  solution  points,  where  bj^g  and 
bgg  represent  capacitive  susceptances ,  are  utilized. 

A  sample  output,  shown  In  Fig.  6  for  the  resonator 
modeled  In  Fig.  5,  shows  the  two  possible  solutions 
for  the  required  capacitor  values. 

Figure  7  shows  the  SSB  phase  noise  character¬ 
istics  of  two  oscillators  using  ZnO  composite 
resonators.  For  the  259  MHz  oscillator,  the  computed 
Q  of  the  resonator  Is  2200  and  the  value  of  Is 
3  pF.  The  output  power  level  Is  -24  dbm.  At  a 
frequency  offset  of  100  Hz,  the  measured  phase  noise 
Is  -66  dbc/Hz.  For  the  262  MHz  oscillator,  the 
computed  Q  of  the  resonator  Is  2400  and  the  value  of 
Cq  Is  15  pF.  The  output  power  level  Is  -22  dbm.  At 
a  frequency  offset  of  100  Hz,  the  measured  phase  noise 
Is  -77  dbc/Hz,  Both  phase  noise  curves  tend  to 
flatten  out  at  higher  offset  frequencies  and  Is  due  to 
dynamic  range  limitations  of  the  HP8566A  and  the  t~t 
fixture.  Based  upon  a  linear  extrapolation,  the 
computed  phase  noise  at  a  1  KHz  offset  Is  104  dbc/Hz 
for  the  259  MHz  oscillator  and  a  -112  dbc/Hz  for  the 
262  MHz  oscillator.  Broadband  characteristics. 

Fig.  8,  of  two  oscillators  utilizing  the  AIN  edge 
supported  resonators  point  to  harmonic  operation  to 
2  GHz.  To  date,  this  property  has  not  been  utilized 
In  our  circuit  design. 


These  data  should  be  considered  "worst  case” 
because  the  circuits  contain  no  thermal  bias 
stabilization  and  the  noise  measurements  did  not 
rigorously  correct  for  test  equipment  Induced  noise. 

Conclusion  and  Future  Work 

This  paper  has  described  fundamental-mode 
oscillators  whose  operating  frequency  exceeds  that 
achievable  using  quartz  technology.  Additional  work 
Is  currently  underway  In  the  areas  of  non-linear 
modeling,  noise  modeling,  and  temperature  stabili¬ 
zation  of  hybrid  and  monolithic  UHF  oscillators 
utilizing  composite  resonators.  Since  thln-fllm 
resonators  using  GaAs  have  been  demonstrated  at 
frequencies  above  1  GHz^,  work  Is  now  proceeding 
on  fundamental-mode  hybrid  circuits  at  these 
frequencies.  The  thln-fllm  resonator  offers  a 
significant  size  reduction  so  that  the  size  of  active 
and  passive  elements  for  an  oscillator  (or  filter) 
are  about  the  same.  It  Is  expected  that  Integrated 
circuit  fabrication  techniques  will  permit  direct 
Integration  of  the  resonator  with  active  devices  on 
the  same  substrate  resulting  In  a  new  class  of  RF/LSI 
circuits. 

Acknowledgment 

The  authors  wish  to  thank  Dr.  K.  Lakln  and  Mr.  A. 
Landln  of  Ames  Laboratory  for  their  technical  assis¬ 
tance  in  building  the  oscillator  and  the  Metrology 
Standards  Laboratory  of  Rockwell  International,  Cedar 
Rapids,  Iowa,  for  the  noise  measurements. 

This  research  was  supported  by  the  Air  Force 
Office  of  Scientific  Research  and  in  part  by  the  Iowa 
State  University  Engineering  Research  Institute, 

References 

1.  M,  Berte,  Electron  Letters.  Vol.  13,  p.  248, 

1977. 

2.  K.  M.  Lakln  and  J.  S,  Wang,  "Acoustic  Bulk  Wave 
Composite  Resonators",  Applied  Physics  Letters, 
Vol.  38(3),  February  1,  1981. 

3.  K.  M,  Lakln,  J.  S,  Wang  and  A.  R.  Landln, 
"Aluminum  Nitride  Thin  Film  and  Composite  Bulk 
Wave  Resonators",  36th  Annual  Frequency  Control 
Symposium,  1982. 


Figure  9  shows  the  oscillator  frequency  deviation 
characteristics  as  a  function  of  temperature  for  the 
ZnO  composite  resonator  based  oscillators.  All 
exhibited  a  sensitivity  of  approximately  -7.5  kHz/’C, 
a  figure  which  corresponds  to  the  temperature 
characteristics  of  the  resonators  themselves.  The 
resonator  temperature  coefficient  can  be  changed;  Wang 
et  al.'*  have  recently  described  a  similar  composite 
material  resonator  structure  with  high  temperature 
stability.  Figure  10  shows  the  frequency  deviation 
characteristics  for  AIN  edge  supported  resonator 
based  oscillators.  Both  exhibited  a  temperature 
sensitivity  of  approximately  -16  kHz/°C. 


4.  J.  S.  Wang,  A.  R.  Landln  and  K.  M.  Lakln,  "Low 
Temperature  Coefficient  Shear  Wave  Thin  Films  for 
Composite  Resonators  and  Filters",  IEEE  1983 
Ultrasonics  Symposium  Proceedings. 

5.  G.  R.  Kline  and  K.  M.  Lakln,  "1.0  GHz  Thin  Film 
Bulk  Acoustic  Wave  Resonators  on  GaAs",  Applied 
Physics  Letters,  Vol.  43(8),  October  15,  1983. 


TOP  VIEW 
Aluminum  Pottern 


25/im 


liai 


window 


CROSS  SECTION  Hoq«m-| 

Aluminum  i  rZnO  or  Al  N 


Network  B 

"■[ 

1 

y*. 

(c.)  h 

^  ! 

r 

1  “ 

SUSCEPTANCE  TUNING  NETWORK 


TANCf  (pF) 


Fig.  5.  Model  of  259  MHz  TO-18  Mounted 
ZnO  Composite  Resonator 


SPAN  200  MHz/  RES  BV  3  MHz 
REF  -10  dBi  10  (fi/  ATTEN  0  dB  SVP  AUTO 


589  MHz  Oscillator 


1  CTR  1.0000  GHz  SPAN  200  MHz/  RES  BM  3  MHz 
I  REF  -10  (&  10  dB/  ATTEN  0  dB  SKP  AUTO 


I  •  i  I  •  I  •  •  •  I  ■ 

259  uo  259  ^45  259  SO  259  55  259  60 

FflfQLESCY  fhhj) 


g.  6.  Solution  curves  for  C  and  C. 

o  i 


200  too  too  MO  1000  I2M  ItOD 

PrtqywMT  (WD 

706  MHz  Oscillator 


Fig.  8.  Broadband  Spectral  Characteristics 
of  AIN  Edge  Supported  Resonator 
Based  Oscillators 


TEMPERATURE  Cc) 


FREOrESc:Y  OFFSET  FROM  CARRIER  (Hz) 

Fig.  7.  Phase  Noise  Chri  rac  t  er  i  s  t  ics  of  ZnO  Composite 
Resonator  Based  Pierce  Oscillators 


Fig.  9.  Frequency  Deviation  vs.  Temperature 
for  ZnO  Composite  Resonator  Based 
Oscillators 


FKiyUKNCY  DEVIATION  (KrlZ) 


38th  Annual  Frequency  Control  Symposium  -  1984 


A  REVIEW  OF  SURFACE  ACOUSTIC  WAVE  DEVICES  AND  THEIR  CURRENT  APPLICATIONS 
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State-of-the-art  Surface  Acoustic  Wave  (SAW) 
components  including  resonator  products,  low-loss  SAW 
filters,  and  reflective  array  compressor  (RAC)  devices 
are  readily  available  today  for  military,  commercial, 
and  consumer  applications.  SAW  performance  advantages 
are  supported  with  high  volume  production  capability 
and  multiple-sourcing  of  most  SAW  device  types.  For 
example,  CATV  resonators  are  currently  produced  at 
rates  exceeding  mi  1 1 i on-a-year  quantities  while 
competition  grows  steadily  for  the  military  SAW 
requirements.  This  paper  reviews  SAW  devices  that  are 
currently  in  production  at  U.S.  SAW  companies  in  which 
SAW  components  are  a  principal  product  and  are 
primarily  produced  for  sale.  These  companies  are 
Andersen  Labs,  Crystal  Technology,  Phonon,  RF  Mono- 
lithics,  and  Sawtek.  Conventional  and  low-loss  band¬ 
pass  filters,  filter  banks,  dispersive  and  non- 
dispersive  delay  lines,  reflective  array  compressors 
(RAC's),  resonators,  multipole  resonator  filters,  and 
oscillators  will  be  covered.  Examples  of  SAW  products 
from  each  of  the  SAW  companies  follow. 

Figure  1  shows  an  Andersen  Laboratories  9-channel 
filter  bank  for  multi-channel  signal  processing 
applications.  In  this  bank,  the  SAW  filters  are 
centered  at  70  MHz  and  have  bandwidths  from  100  KHz  to 
12  MHz.  The  6.5  x  8.6  x  0.9  inch  package  includes 
electronic  RF  channel  switching,  filters,  amplifiers, 
and  matching  networks. 

Crystal  Technology  produces  SAW  bandpass  filters 
as  well  as  lithium  niobate  wafers  as  shown  in  Figure  2. 
Lithium  niobate  and  quartz  are  the  most  common  sub¬ 
strates  used  in  SAW  devices. 

Figure  3  shows  the  spectrum  and  samples  of  a  70 
MHz,  11.4  MHz  bandwidth  filter  from  Phonon.  A  common 
military  IF  is  at  70  MHz,  and  wideband  70  MHz  filters 
are  used  in  CATV  satellite  receivers. 

RF  Monolithics  produces  large  numbers  of  SAW 
resonators  at  around  680  MHz  for  local  oscillators  in 
CATV  set-top  convertors.  Figure  4  shows  a  wafer  of 
resonators  and  resonators  in  TO-5  packages. 

A  low- loss  3-phase  bandpass  filter  produced  at 
Sawtek  is  shown  in  Figure  5.  Spiral  inductor  matching 
and  phasing  circuits  are  used  to  achieve  5  dB  insertion 
loss  in  space-qualified  filters. 

These  are  just  a  few  examples  of  the  many  SAW 
products  that  arc  commercially  available  today  from 
U.S.  SAW  suppliers.  The  authors  thank  the  companies 
that  contributed  slides  and  photographs  to  this  paper 
and  the  oral  presentation. 


Figure  1  Andersen  Laboratories  Filter  Bank 


Figure  2  Crystal  Technology 
Filters  and  Lithium  Niobate  Wafers 
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Figure  5  Sawtek  Low-Loss  Bandpass  Filter 
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THE  EFFECTS  OF  TEMPERATURE,  RF  POWER,  RADIATION  AND  TIME  ON  SAW  RESONATOR  ELECTRICAL  CHARACTERISTICS 

Alfred  Vulcan  and  Charles  Gloeckl 

Frequency  Electronics,  Inc. 

Mitchel  Field,  New  York  11553 


Abstract 


Test  Circuit 


The  development  of  SAW  Resonators  for  use  In  a 
satellite  UHF  subsystem  required  a  study  of  the  effect 
of  various  environmental  parameters  on  the  SAW 
characteristics.  Data  was  taken  over  a  two-year  period 
on  thirty  SAW  resonators  operating  at  500  MHz.  Since 
little  data  was  available  regarding  the  effects  of 
the  orbital  environment  on  SAWs,  the  test  program  was 
used  to  qualify  the  devices  for  space  applications. 
The  results  show  that  not  only  are  the  devices  suitable 
for  high  reliability  applications  but  they  can  operate 
at  power  levels  and  temperatures  beyond  those 
anticipated.  The  SAW  resonators  were  subjected  to 
temperatures  as  high  as  110°C,  1  MRAD  of  accumulated 
radiation  and  +25  dBm  of  RF  power. 

All  of  the  SAW  resonators  with  the  exception  of 
six  test  units  were  operated  continuously  during  the 
two-year  period.  The  devices  were  subjected  to  the 
environmental  stresses  while  operating  in  an  oscillator 
specially  designed  to  minimize  the  effects  of  component 
variations  on  performance.  The  oscillators  were  aged 
for  several  months  prlcr  to  their  use  and  were  shown  to 
have  negligible  influence  on  the  test  data.  The 
parameters  that  were  tested  as  representative  of 
resonator  quality  were  insertion  loss  and  frequency. 

Of  the  thirty  resonators  tested,  three  failures 
occurred.  These  failures,  which  were  due  to  a  metal 
migration  mechanism,  occurred  at  high  RF  power  levels. 
The  balance  of  the  resonators  which  operated  below 
+75°C  and  within  the  +13  to  +18  dBm  power  range  showed 
negligible  parameter  variation  over  the  stress  period. 
Subsequent  to  the  life  test  the  devices  were  delldded 
and  microscopically  examined.  It  was  seen  that 
migration  in  the  high  electric  field  areas  was  the 
primary  contributor  to  parameter  changes,  and  due  to 
the  unique  physical  construction  of  the  resonators, 
damage  was  minimized  and  parameter  degradation  reduced. 
This  study  shows  that  SAW  resonators  can  be  used  in 
space  environments  for  seven  to  ten-year  missions  at 
reasonably  high  power  levels  and  temperatures- 

Introduction 


In  order  to  meet  phase  noise  requirements  of 
-165  dBc/Hz  and  -173  dBc/Hz  at  I  MHz  and  6.25  MHz, 
respective  offsets,  from  a  500  MHz  carrier,  a  2-port 
1-pole  SAW  resonator  is  used  at  the  output  of  a 
satellite  frequency  synthesizer.  The  frequency 

response  of  a  typical  matched  resonator  is  shown  in 
Figures  1  and  2.  The  basic  electrical  characteristics 
of  the  SAW  resonator,  whose  design  is  described  in 
Reference  1  are  listed  in  Table  1. 


TABLE  1 


Center  Frequency 
Loaded  Q 
Insertion  Loss 
Bandwidth  (3  dB  down) 
Rejection  at  +3  MHz  offset 


500  +  .030  MHz 
2500  minimum 
2.0  dB  maximum 
250  kHz  average 
22  dB  minimum 


Since  no  information  was  available  regarding 
performance  of  SAW  resonators  during  a  seven-year 
orbital  life  with  radiation,  RF  power,  and  temperature 
stresses,  a  two-year  accelerated  life-test  program  was 
undertaken  to  quantify  possible  life  limiting  effects. 


Since  a  group  of  30  SAW  devices  was  to  be  tested 
and  the  center  frequency  of  each  device  in  the  matched 
condition  was  slightly  different,  use  of  transmission 
jigs  would  require  the  utilization  of  several  frequency 
sources,  multi-port  power  splitters,  and  several  medium 
power  500  MHz  amplifiers  to  simultaneously  drive  all  of 
the  devices.  In  addition,  a  method  of  controlling  the 
RF  power  at  the  input  to  each  SAW  device  would  be 
required.  In  lieu  of  this  complex  and  costly  approach, 
an  oscillator  circuit  was  developed  using  a  single 
transistor  stage  and  active  biasing.  A  schematic 
diagram  of  the  oscillator  is  shown  in  Figure  3.  A 
single  stage  grounded  emitter  power  transistor,  Q2 , 
with  active  bias  supplied  by  Q1  feeds  resonant  phase 
shifting  network  LI  and  C4 .  The  SAW  resonator  is 
matched  with  CIO,  C15,  L5  and  L8.  Two  resistive 
attenuators  consisting  of  R7  through  R12  isolate  the 
SAW  from  the  active  circuits.  The  input  and  output 
power  levels  at  the  SAW  matching  networks  are  monitored 
at  J2  and  J1 ,  respectively.  A  diode  detector,  CR2 ,  and 
its  associated  circuitry  provides  a  continuous  analogue 
output  corresponding  to  the  SAW  RF  power  level.  This 
output  is  fed  to  a  strip  chart  recorder  so  that  a 
continuous  record  is  kept  of  power  level  variations. 
The  RF  power  circulating  in  the  loop  is  determined  by 
the  transistor  biasing  and  the  value  of  resistors  R1 
through  R3.  The  oscillator  circuit  is  calibrated  with 
a  high  frequency  sampling  scope  which  measures  the 
voltage  waveform  at  the  SAW  input  and  output  ports. 

To  ensure  measurement  accuracy,  SAWs  undergoing 
the  accelerated  life  test  were  periodically  removed 
from  the  oscillator  circuit  and  placed  in  unmatched  and 
matched  transmission  jigs  to  measure  the  resonator 
frequency  and  insertion  loss,  respectively.  The 
unmatched  jig  provided  a  sharp  transmission  peak  at  the 
SAW  center  frequency  relative  to  the  matched  condition 
and  hence  provided  more  accurate  frequency  data.  It 
was  found  that  the  trequ.:iicy  determined  by  this  method 
closely  matched  the  oscillator  frequency  of  the  SAW 

when  measured  at  the  same  temperature.  It  is  important 

to  minimize  the  contribution  of  circuit  components  to 
oscillator  frequency  and  loop  power  level  so  that  any 

measured  parameter  changes  can  be  attributed  to  the  SAW 
resonator.  Hence  the  oscillator  circuits  were 
temperature  cycled  between  -55“  and  +100“C  for  10 

cycles  and  stabilization  baked  at  +85“C  for  30  days. 
Following  this  preconditioning,  the  oscillators  were 
run  with  100-ohm  resistors  replacing  the  SAW  resonators 
for  a  period  of  ten  days  and  the  frequency  change 
measured.  It  was  seen  that  the  overall  stability  of 
the  oscillators  run  in  this  mode  in  a  temperature 

stabilized  chamber  was  at  least  five  times  better  than 
the  anticipated  change  in  SAW  resonant  characteristics. 
Furthermore,  a  control  group  of  six  SAW  oscillators  was 
to  be  kept  continuously  running  at  +25“C  so  that  a 

measured  baseline  would  be  established  for  the  lot. 

Test  Program 

Table  2  summarizes  the  test  program  for  the  30 

resonators.  The  first  group  of  six  devices  is  the 

control  sample  which  was  maintained  at  normal 
laboratory  ambient  temperature  which  typically  varied 
between  +29“C  and  +22“C  and  a  continuous  input  RF  power 
level  of  +13  dBm.  The  second  group  was  at  +25*C  but 
had  +18  dBm  of  incident  RF  power.  A  separate  group  of 
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TABLE  2 


Test  Results 


SAW  STRESS  FACTORS 


QUANTITY 

RF  POWER 
dBm 

TEMPERATURE 

“C 

TOTAL  DOSE 
MRAD 

6 

+13 

+25 

6 

+18 

+25 

— 

6 

+15  to  +25 

+25 

— 

6 

+13 

+25  to  +110 

— 

6 

— 

+25 

1.0 

four  SAWS  remained  unstressed  for  the  length  of  the 
test  but  was  periodically  tested  in  transmission  jigs 
to  see  if  changes  occurred  in  characteristics  which 
might  be  attributable  to  the  manufacturing  or  sealing 
processes.  The  third  group  was  initially  run  at  an  RF 
level  of  +13  dBm  with  the  RF  power  increased  at 
approximately  two-month  intervals  remaining  at  +25  dBm 
after  12-1/2  months.  Another  group  of  six  resonators 
was  run  at  an  RF  power  level  of  +13  dBm  but  the 
temperature,  which  was  initially  at  +25°C,  was  stepped 
to  +110°C  over  a  period  of  five  months.  The  final  set 
of  saw's  was  Subjected  to  1  MRAD  of  Cobalt  60  radiation 
with  pre  and  post-radiation  characteristics  recorded. 

The  life  test  stress  levels  and  dwell  time  periods 
were  chosen  to  cover  an  extreme  range  of  conditions, 
starting  at  generally  benign  levels  and  progressing  to 
extremes  which  would  damage  the  SAW  devices.  By 
microscopically  analyzing  the  delidded  devices  at  the 
completion  of  the  program,  the  failure  mechanisms  could 
be  identified. 

The  RF  power  stress  levels  were  based  upon 
considerations  discussed  in  Reference  1  which  show  that 
at  a  power  level  of  +26  dBm,  device  degradation  occurs. 
This  effect  is  shown  in  Figure  6,  taken  from  Tanski. 
Since  little  information  was  available  regarding  the 
operation  of  SAW  devices  at  high  temperatures,  it  was 
felt  that  +110°C  represented  a  reasonably  high  figure 
which  exceeds  that  normally  encountered  in  most  device 
applications . 

Resonator  Description 

The  SAW  resonators  which  underwent  the  accelerated 
life  test  were  single  pole  devices  which  were  optimized 
for  minimum  insertion  loss  and  low  VSWR  at  500  MHz. 
The  design  incorporates  segmented  and  withdrawal 
weighted  lines  to  ensure  maximum  out-oe-band  rejection 
with  minimum  reentrant  ripple.  The  artz  wafer  had  a 
ground  plane  on  one  side  which  epoxled  to  two 
mour"^Ing  bellows.  The  resonator  was  mounted  in  a  TO-8 
header  and  was  hydrogen  fired  and  coldweld  sealed  in  a 
high  vacuum.  Due  to  this  unique  mounting  mechanism, 
heat  flow  from  the  resonator  was  maximized  by 
conduction  through  the  quartz  and  bellows  structure 
directly  to  the  base  of  the  header.  Both  the  resonator 
deposited  aluminum  ard  active  bond  wires  contained  a 
small  percentage  of  copper  which  has  been  shown  to 
minimize  stress  Induced  migration  effects  under  high 
power  and  high  temperature  conditions.  Figure  5  shows 
the  internal  structure  of  the  SAW  resonator  with  the 
metallic  bond  wires  and  supporting  bellows.  The 
bellows  structure  was  designee  to  ensure  that  the 
self-resonant  frequency  of  the  supported  SAW  filter  was 
above  3,000  Hz.  This  was  outside  the  limit  of 
acoustical  and  mechanical  stresses  introduced  by  launch 
and  stage  separation.  A  sample  of  four  devices  were 
subjected  to  a  high  level  random  vibration  spectrum  of 
22  C  RMS  for  5  mlnu'es  with  no  damage. 


All  30  of  the  resonators  subjected  to  the  life 
test  were  manufactured  from  a  single  lot  of  quartz  and 
were  processed  as  a  single  group.  Figure  6  shows  the 
frequency  shift  for  the  unstressed  control  group  over 
the  two-year  period.  It  Is  seen  that  the  maximum 
peak-to-peak  frequency  excursion  Is  less  than  2  kHz. 
This  frequency  change  Is  well  below  the  limit  which  was 
selected  as  50  kHz  for  device  failure.  Insertion  loss 
change  of  greater  than  0.5  dB  was  also  considered  a 
failure.  The  control  group  variations  are  due  to 
differences  In  ambient  temperature  when  the  particular 
devices  were  tested. 

Figure  7  illustrates  the  resonant  frequency 
changes  of  the  SAWs  operating  at  a  fixed  power  level  of 
+13  dBm.  These  devices  were  tested  in  the  oscillator 
configurations  described  previously  and  it  is  seen  that 
a  maximum  frequency  excursion  of  10  kHz  occurred. 

Figure  8  plots  the  frequency  changes  of  the  test  group 
which  had  an  incident  RF  power  level  of  +18  dBm.  The 
large  negative  frequency  excursion  at  this  Increased 
power  level  Is  predictable  but  well  within  the 
established  guidelines  for  reliable  operation. 

Figure  9  shows  that  increasing  the  RF  power  level 
above  +19  dBm  begins  to  permanently  affect  the  resonant 
frequency  of  the  SAW  devices.  The  power  level  is 
Increased  about  every  two  months  starting  at  +13  dBm 
until  +25  dBm  is  reached  after  12  months.  Significant 
frequency  changes  occurred  at  +19  dBm  In  resonator 

55-24  and  a  failure  occurred  in  resonator  58-1  at  the 
power  level  of  +22  dBm.  At  +24  dBm  all  of  the 

resonators  except  for  55-24  and  56-4  experienced 
excessive  frequency  offset  which  exceeded  the  50  kHz 
limit . 

The  effect  of  high  temperature  on  SAW  reliability 
was  originally  hypothesized  to  be  equivalent  to  RF 
power  heating  effects.  Deterioration  of  the  SAW 

devices  would  occur  at  a  combination  of  RF  power  and 
temperature  such  that  localized  heating  of  the 
resonator  elements  would  be  equivalent  to  that 
accounted  from  RF  heating  alone. 

Figure  10  shows  the  test  results  of  the  resonators 
which  were  subjected  to  a  stepped  temperature  stress 
test  while  operating  at  a  constant  RF  power  level  of 
+13  dBm.  The  case  temperature  of  the  resonators  under 
test  was  Increased  from  +25°C  to  +110'’C  over  a  five 
month  period.  As  shown  In  the  figure,  no  significant 
changes  in  resonant  frequency  occurred.  Five  of  the 
six  resonators  which  remained  at  +110'‘C  for  18  months 
exhibited  a  frequency  change  of  less  than  20  kHz.  The 
failure  of  58-12  was  due  to  a  faulty  bond  at  a  header 
active  post  and  is  not  related  to  the  Ife  test.  It  is 
seen  from  Figure  10  that  two  resonators  were  added  to 
the  test  samples  at  +110°C  after  12  months.  These 
resonators  shifted  less  than  5  kHz  over  the  second  year 
of  testing. 

All  of  the  testing  performed  on  the  resonators 
consisted  of  an  oscillator  frequency  and  transmission 
jig  insertion  loss  measurement.  Without  exception,  the 
insertion  loss  remained  below  3.0  dB  (except  for  the 
devices  which  catastrophically  failed).  The  data  taken 
from  the  oscillator  tests  correlated  very  closely  to 
that  obtained  from  the  transmission  jig  when  the  signal 
source  feeding  the  SAW  was  set  to  the  recorded 
oscillator  frequency.  Hence  it  can  be  concluded  that 
the  major  failure  mechanism  Is  due  to  a  change  In 
resonant  frequency.  Of  course.  In  the  practical 

situation  %diere  the  SAW  device  is  used  as  a  narrow  band 
filter  and  the  carrier  frequency  remains  unchanged, 
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prohibitive  attenuation  of  the  signal  would  occur  since 
the  operating  frequency  now  lies  on  the  skirt  of  the 
device  rather  than  at  the  center  of  the  passband. 

Figures  11  through  13  are  Scanning  Electron 
Photomicrographs  of  two  of  the  resonators  which  were 
operated  at  +24  dBm  and  exhibited  excessive  frequency 
shifts.  It  is  seen  that  stress  induced  metal  migration 
occurred  with  the  damage  pattern  following  the  RF 
electric  field  distribution  at  the  resonator  fingers. 
This  corresponds  to  Increased  electric  field  intensity 
at  the  points  of  maximum  damage.  It  is  also  seen  that 
actual  metal  bridges  have  formed  between  resonator 
fingers  which  results  in  the  rapid  performance 
deterioration. 

Radiation  Effects 

Six  SAW  devices  were  measured  in  the  laboratory 
environment  and  subjected  to  a  1  MRAD  dose  of  Cobalt  60 
radiation  at  a  rate  of  150  RADS  per  second.  The 
devices  were  then  retested  and  no  measurable  change  in 
insertion  loss  or  resonant  frequency  was  noted.  It  was 
concluded  that  the  effect  of  total  accumulation  in 
normal  applications  would  not  effect  the  resonators. 
This  was  an  expected  result  since  the  surface  wave 
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dynamics  of  the  quartz  resonator  is  unaffected  by  the 
radiation,  although  the  bulk  characteristics  of  the 
quartz  is  altered.  The  radiation  effect  is  noticeable 
in  bulk  mode  crystal  resonators  used  in  satellite 
applications  where  typically  a  radiation  coefficient  of 
1  X  10“^2/r^j)  observed  for  high  quality  quartz 
resonators . 


A  number  of  high  performance  SAW  resonators  were 
exposed  to  RF  power,  temperature,  and  radiation 
stresses  as  well  as  shock  and  vibration  inputs  to 
determine  their  suitability  for  use  in  a  high 
reliability  satellite  application.  The  accelerated 
stress  program  shows  conclusively  that  at  the  levels 
normally  encountered  in  satellite  missions  there  are  no 
life  degrading  effects  or  permanent  damage  to  the 
resonators  which  would  effect  their  intended  function. 
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FIGURE  2 


SAW  RESONATOR  RESPONSE,  NARROWBAND 


SAW  RESONATOR  RESPONSE,  WIDEBAND 
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FIGURE  5 


PHOTOMICROGRAPH,  SAW,  TOP  VIEW 


FIGURE  12  figure  13 
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Pi  scuss i on 

One  advantage  of  the  SAW  oscillator  implemented  in 
this  work,  is  that  the  change  of  the  attenuation  of  the 
delay  line  that  accompanied  the  change  in  the  phase  ve¬ 
locity  was  relatively  small  (less  than  0.65  dB) .  Vol- 
luet^  had  implemented  a  magnetically  tunable  oscillator 
using  a  Gd-Ga  YIG  film.  As  a  delay  line,  a  relatively 
large  Av/v  was  obtained  (Av/v  '  5  x  10"^).  However, 
this  phase  velocity  variation  could  not  be  used  entirely, 
owing  to  the  extra  attenuation  over  the  same  magnetic 
field  range. 

Robbins  and  Simpson^,  reported  a  tunable  oscillator 
using  a  thin  film  of  nickel  deposited  on  YZ-LiNbOj  delay 
line.  Although  for  this  delay  line  the  maximum  relative 
velocity  variation  was  Av/v  =  A60  ppm,  the  maximum 
change  in  frequency  was  only  Af/f  =  25^  ppm.  This  is 
because  the  delay  in  the  magnetic  film  was  only  a  frac¬ 
tion  of  the  total  delay  between  the  SAW  transducers  in 
such  a  configuration  where  the  magnetic  film  covered 
only  a  portion  of  the  acoustic  path.  In  the  configura¬ 
tion  we  used  the  magnetic  film  occupied  all  the  acoustic 
path  making  our  device  advantageous  in  this  respect. 

Conclusion 

One  can  conclude  that  bubble  garnet  films  can  be 
used  to  offer  a  means  for  tuning  tha  SAW  oscillators. 

Our  oscillator  had  the  advantages  of  small  attenuation 
and  usage  of  the  whole  acoustic  path  in  the  delay  line. 
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Fig.  2  Output  spectrum  of  the  SAW  oscillator. 
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Fig.  3  SAW  device  configuration  for  ZnO/garnet 
layered  structure. 
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Di scussion 


One  advantage  of  the  SAW  oscillator  implemented  in 
this  work,  is  that  the  change  of  the  attenuation  of  the 
delay  line  that  accompanied  the  change  in  the  phase  ve¬ 
locity  was  relatively  small  (less  than  0.65  dB) .  Vol- 
luet^  had  implemented  a  magnetically  tunable  oscillator 
using  a  Gd-Ga  YIG  film.  As  a  delay  line,  a  relatively 
large  Av/v  was  obtained  (;'.v/v  -  5  x  10  ^).  However, 
this  phase  velocity  variation  could  not  be  used  entirely, 
owing  to  the  extra  attenuation  over  the  same  magnetic 
field  range. 

Robbins  and  Simpson^,  reported  a  tunable  oscillator 
using  a  thin  film  of  nickel  deposited  on  YZ-LiNbOj  delay 
line.  Although  for  this  delay  line  the  maximum  relative 
velocity  variation  was  Av/v  =  A60  ppm,  the  maximum 
change  in  frequency  was  only  Af/f  =  2S^  ppm.  This  is 
because  the  delay  in  the  magnetic  film  was  only  a  frac¬ 
tion  of  the  total  delay  between  the  SAW  transducers  in 
such  a  configuration  where  the  magnetic  film  covered 
only  a  portion  of  the  acoustic  path.  In  the  configura¬ 
tion  we  used  the  magnetic  film  occupied  all  the  acoustic 
path  making  our  device  advantageous  in  this  respect. 

Cone  1  us i on 


One  can  conclude  that  bubble  garnet  films  can  be 
used  to  offer  a  means  for  tuning  the  SAW  oscillators. 

Our  oscillator  had  the  advantages  of  small  attenuation 
and  usage  of  the  whole  acoustic  path  in  the  delay  line. 
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rrequency  in  khz  (X10  =  )  Z;  Frequency  in  khz  <X10 


3.  I4  Variation  of  the  SAW  osciliator  frequency 
with  a  dc  magnetic  field  applied  parallel 
to  the  SAW  propagation  direction. 


Fig.  6  Variation  of  the  SAW  oscillator  frequency 
with  the  magnetic  field  for  (fi  «  60°. 


Fig.  5  Variation  of  the  SAW  oscillator  frequency 
with  the  magnetic  field  for  =  30°. 


Fig.  7  Variation  of  the  SAW  oscillator  frequency 
with  the  magnetic  field  for  if  «  90°. 
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Abstract 

The  frequency  aging  of  Shallow  Bulk  Acoustic  Wave 
(SBAW)  oscillators  operating  directly  at  frequencies 
from  2  to  3  GHz  has  been  measured.  SBAW  devices  have 
long  been  expected  to  age  better  than  SAW  devices 
because  the  wave  is  not  confined  so  closely  to  the 
surface.  All  the  oscillators  reported  here  aged  up¬ 
ward  in  frequency,  but  at  widely  varying  rates.  One 
2  GHz  SBAW  oscillator,  built  on  near-BT  quartz,  has 
aged  only  2.5  ppm  in  the  first  eight  months.  This 
data  compares  favorably  with  data  reported  in  the 
literature  for  high  frequency  (>  1  GHz)  SAW  oscilla¬ 
tors.  Other  oscillators,  built  on  near-AT  quartz  and 
operating  at  3  GHz,  did  not  age  as  well.  However, 
most  of  the  AT  device  aging  is  probably  due  to  ex¬ 
cessive  power  levels  in  the  extremely  small 
transducers . 

This  paper  describes  the  designs  of  these  SBAW 
oscillators  and  presents  the  aging  data.  This  aging 
data  is  compared  with  published  aging  data  for  SAW 
oscillators.  The  causes  of  aging  in  the  SBAW  oscil¬ 
lators  are  then  analyzed  and  compared  with  those  which 
cause  SAW  aging. 

Introduction 

In  their  simplest  form,  shallow  bulk  acoustic 
waves  (SBAW),  also  known  as  surface  skimming  bulk 
waves  (SSBW),  are  bulk  shear  waves  beamed  just  below 
the  surface  of  a  crystal.  Since  the  presence  of  the 
surface  is  not  directly  involved  in  the  SBAW  wave  pro¬ 
pagation  mechanism,  it  has  been  hoped  that  oscillators 
based  on  this  wave  may  have  inherently  low  aging.  In 
the  past  few  years,  considerable  aging  data  have  been 
recorded  for  oscillators  stabilized  by  vacuum-packaged 
SAW  (on  ST  quartz)  and  SBAW  (on  AT  and  BT  quartz) 
devices.  This  paper  first  analyzes  how  aging  mecha¬ 
nisms  affect  the  two  types  of  waves  over  frequency. 
Then,  SAW  aging  data  from  the  literature  is  summarized. 
Next,  new  data  on  high  frequency  SBAW  oscillators  is 
presented.  Finally,  the  SAW  and  SBAW  data  are  com¬ 
pared  in  light  of  the  understanding  of  the  aging 
mechanisms. 

SAW  and  SBAW  Aging  Mechanisms 

The  mechanisms  for  SAW  delay  line  aging  have  re¬ 
cently  been  studied.  The  most  important  mechanisms 
for  a  SAW-stabil ized  oscillator  aging  at  low  power  and 
at  constant  temperature  appear  to  be  adsorption  and 
desorption  of  surface  contaminants,  and  relaxation  of 
stresses  initially  present  in  the  crystal  and  metalli¬ 
zation.  This  assumes  that  electronics  aging  and 
mounting  stress  relaxation  are  made  negligible  by  pro¬ 
per  design.  Since  SAW  and  SBAW  devices  are  very  simi¬ 
lar  and  are  fabricated  and  packaged  by  exactly  the  same 
processes,  the  dominant  aging  mechanisms  should  be  the 
same.  They  will,  however,  differ  in  magnitude  accord¬ 
ing  to  the  differences  between  the  two  waves. 


♦This  work  was  partially  supported  by  ERADCOM  Contract 
DAAK20-81-C-0415. 


Surface  Acoustic  Waves 

Table  1  shows  how  adsorption  and  desorption, 
static  stress,  and  overdriving  should  affect  SAW 
devices  as  a  function  of  frequency.  Adsorption  of 
small  amounts  of  surface  contamination  causes  a  frac¬ 
tional  change  in  frequency  which  is  proportional  to 
the  adsorbed  layer  thickness  t  divided  by  the  SAW 
wavelength  For  a  given  amount  of  adsorption,  the 
change  in  ppm  should  therefore  be  proportional  to 
frequency.  The  proportionality  constant  depends  on 
the  substrate,  orientation,  and  adsorbed  material. 


Table  1. 

Sensitivity  of  SAW  Devices  to 

Aging  Mechanisms  Versus  Frequency 

Mechanism 

Frequency 

Dependence 

Comment 

Adsorption  of 

surface 

contamination 

f 

Fractional  frequency 
change  is  proportional 
to  (t/x)  with  sensi¬ 
tivity  determined 
by  contaminant 

Relaxation  of 
static  stress 

Frequency 

independent 

Fractional  frequency 
change  is  directly 
proportional  to 
stress 

Overdri ving 
damage 

Threshold 

decreases 

6  dB/octave 

Assuming  fixed  aper¬ 
ture  (in  wavelengths) 
and  constant 
insertion  loss 

Fractional  frequency  changes  due  to  locally 
uniform  static  stresses,  such  as  those  induced  by  cry¬ 
stal  polishing,  are  frequency  independent  for  a  given 
substrate.  For  example,  for  ST  quartz  SAW  devices, 
the  frequency  will  change  about  -16  ppm  for  a  tensile 
stress  in  the  direction  of  propagation  of  10°  N/m2. 
Stresses  due  to  pattern-dependent  features,  such  as 
the  metal  film,  should  scale  in  a  frequency-independent 
way  if  the  fractional  coverage  of  the  wave  propagation 
path  is  constant.  Of  course,  the  effects  of  adsorp¬ 
tion  and  static  stress  will  be  modified  somewhat  at 
very  high  frequencies  when  transducer  mass  loading 
significantly  modifies  the  wave. 

When  the  input  power  to  the  SAW  device  is  high, 
other  aging  mechanisms  are  also  involved.  The  effect 
of  overdriving  a  SAW  device  has  been  summarized  by 
Shreve.^  For  a  given  substrate  and  metal  film,  there 
is  an  acoustic  threshold  above  which  acoustomigration 
will  take  place.  At  stresses  somewhat  below  this 
threshold,  the  frequency  is  seen  to  age  upward  at  a 
power-dependent  rate.  At  stresses  above  threshold, 
the  frequency  ages  rapidly  downward.  Shreve  summa¬ 
rizes  how  acoustic  stresses  are  calculated  according 
to  the  Microwave  Acoustics  Handbook.^  It  is  important 
to  note  that  for  a  fixed  device  geometry  which  is 
simply  scaled  down  in  size  to  increase  the  frequency, 
the  acoustic  stress  for  a  given  drive  level  is  propor¬ 
tional  to  frequency  (assuming  constant  transducer 
losses).  Similarly,  the  drive  power  threshold  for  over¬ 
driving  damage  decreases  as  1/f^,  or  -  6  dB  per  octave. 
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Shallow  Sulk  Acoustic  Waves 

The  effects  of  adsorption,  static  stress,  and 
overdriving  which  are  expected  for  shallow  bulk  (SBAW) 
devices  are  summarized  in  Table  2.  Static  stress 
effects  and  overdriving  effects  should  have  the  same 
frequency  dependence  as  in  SAW  devices,  since  the 
acoustic  stress  scales  with  dimensions  the  same  way  as 
in  SAW  devices.  In  fact,  the  magnitudes  of  these 
effects  are  on  the  same  order  as  those  for  ST  quartz. 
For  instance,  the  longitudinal  stress  sensitivity  of 
AT  SBAW  devices  is  -13  ppm  per  10°  N/m^.  The  over¬ 
driving  damage  threshold  for  quartz  SBAW  devices  should 
be  similar  to  that  for  quartz  SAW  devices  of  about  the 
same  insertion  loss  since  the  materials  are  the  same 
and  the  dimensions  are  similar. 


Table  2.  Sensitivity  of  SBAW  Devices  to 

Aging  Mechanisms  Versus  Freqency 


Mechani sm 

Frequency 

Dependence 

Comment 

Adsorption  of 

surface 

contamination 

f 

Fractional  velocity 
change  proportional  to 
(t/x)  with  sensitivity 
depending  on  initial 
mass  loading 

Relaxation  of 
static  stress 

Frequency 

independent 

Fractional  frequency 
change  is  directly  pro¬ 
portional  to  stress 

Overdriving 

damage 

Threshold 

decreases 

6  dB/octave 

Assuming  fixed  aperture 
(in  wavelengths)  and 
constant  insertion  loss 

The  significant  difference  between  SBAW  and  SAW 
devices  is  in  adsorption  sensitivity.  Lee°  has  shown 
that  an  SBAW  propagating  below  a  free  surface  will  have 
a  fractional  velocity  change  proportional  to  (t/x)2  as 
a  mass  loading  adsorption  layer  is  applied.  This  is 
because  the  SBAW  is  slowly  converted  to  a  surface  wave, 
becoming  increasingly  dependent  on  the  surface  as  the 
mass  loading  is  increased.  When  no  mass  loading  is 
present,  this  relation  shows  that  the  wave  is  com¬ 
pletely  insensitive  to  infinitesimal  amounts  of  mass 
loading.  However,  as  the  loading  increases,  the  slope 
of  the  quadratic  relation  also  increases,  and  the  sen¬ 
sitivity  to  additional  mass  loading  increases  along 
with  the  loading  itselr.  For  small  amounts  of  adsorp¬ 
tion  of  additional  mass  loading  material,  the  SBAW 
sensitivity  can  therefore  be  modeled  with  a  linear 
proportionality  to  t/x  with  a  proportionality  constant 
which  depends  on  the  starting  condition.  For  AT  SBAW 
delay  lines,  in  which  the  velocity  is  very  high 
(5100  m/s),  transducer  aluminum  films  cause  signifi¬ 
cant  mass  loading,  so  sensitivity  to  additional  load¬ 
ing  is  often  similar  to  that  of  a  SAW  device.  In  BT 
SBAW  delay  lines,  however,  aluminum  films  cause  much 
less  of  a  mass  loading  effect  because  the  acoustic 
velocities  and  densities  of  the  substrate  and  metal 
film  are  similar.  BT  SBAW  delay  lines  may  therefore 
be  less  adsorption-sensitive  than  equivalent  SAW 
devices. 

Review  of  SAW  Aging 

Table  3  summarizes  some  of  the  best  SAW  delay 
line  aging  that  has  been  reported  in  the  literature. 
Unfortunately,  recent  SAW  aging  data  covering  a  wide 
range  of  frequencies  is  not  available  from  a  single 
source.  However,  all  the  SAW  delay  lines  listed  in 
the  table  were  vacuum  packaged,  with  mountings 


Table  3.  Summary  of  SAW  Aging  Reported  in  the 
Literature.* 


Linear  Fit 


Reference 

Frequency 

to  First  Year  Aqinq 

Parker® 

400  MHz 

+1.2  ppm/year 
average 

Lukaszek  and 
Ballato’ 

310  MHz 

+  1  ppm/year 

Gilden,  et  al .® 

1.4  GHz 

+  5  ppm/year 

*A11  devices  are  vacuum-packaged  SAW  delay  lines 
in  which  steps  have  been  taken  to  minimize  mounting 
stress. 

designed  for  minimum  stress.  Parker®  recently  report¬ 
ed  a  group  of  27  SAW  oscillators  at  400  MHz,  which  were 
vacuum-sealed  by  cold  welding  in  TO-8  packages. 
Straight-line  fits  to  this  data  gave  average  aging  of 
1.2  ppm  in  the  first  year.  Lukaszek  and  Ballato^  de¬ 
scribed  a  similar  delay  line  at  310  MHz.  A  straight 
line  fit  to  the  first^j^ear  of  data  gives  a  rate  no 
more  than  1  ppm/year.*  Gilden,  et  al .°  reported 
aging  of  1.4  GHz  SAW  delay  lines  vacuum  sealed  in 
all-quartz  packages.  The  aging  data  of  the  best 
device  described  shows  low  total  aging  (2  ppm  in  the 
first  year),  but  this  includes  fairly  rapid  upward 
aging  followed  by  fairly  rapid  downward  aging.  A 
straight-line  fit  to  this  data  would  give  about 
5  ppm  in  the  first  year. 

Since  the  packaging  of  these  two  delay  lines  is 
different,  the  cleanliness  of  the  device  and  the 
residual  mounting  stress  are  probably  not  the  same. 
However,  in  both  cases,  minimizing  the  stress  and 
achieving  maximum  cleanliness  were  major  goals.  It 
is  interesting  to  note  that  if  desorption  of  contami¬ 
nation  from  the  surface  was  the  dominant  aging  mecha¬ 
nism  and  equal  in  both  cases.  Table  1  would  predict 
that  the  1.4  GHz  oscillator  would  age  3.5  times  worse 
than  the  400  MHz  oscillator,  and  this  ratio  is  close 
to  what  was  observed.  Similarly,  the  310  MHz  oscilla¬ 
tor  should  age  slightly  better  than  the  400  MHz  oscil¬ 
lator,  which  is  also  the  case. 

SBAW  Aging  Data 

The  aging  of  three  SBAW  delay  line  oscillators 
is  shown  in  Figures  1  through  3.  In  each  case,  the 
delay  line  was  fabricated  by  direct  electron  beam 
writing  on  a  quartz  wafer,  which  was  subsequently 
diced.  The  transducer  fingers  were  not  "buried."  All 
devices  were  mounted  onto  TO-8  headers  with  stainless 
steel  spring  clips.  The  mounted  devices  were  then 
baked  in  vacuum  overnight  at  200°C,  and  the  packages 
were  sealed  under  vacuum  by  cold  welding.  The  SBAW 
delay  lines  were  then  assembled  into  oscillator 
circuits  with  commercial  amplifiers.  These  oscilla¬ 
tors  were  aged  in  an  oven  stable  to  0.1 °C  after 
July,  1983.  Surprisingly,  the  aging  continues  to 
exhibit  rapid  fluctuations  over  several  ppm. 

The  delay  lines  shwon  in  Figures  1  and  2  are 
3.0  GHz  fundamental  devices  built  on  near-AT  quartz. 
Figure  1  shows  aging  of  a  device  operating  in  a 
circuit  providing  +11  dBm  available  power  to  the 


**A  straight-line  fit  to  the  first  year  of  data  in 
Ref.  7  makes  it  look  worse  than  it  was.  In  fact, 
the  total  aging  was  only  0.5  ppm  at  12  months, 
and  0.2  ppm  at  19  months. 
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Figure  1.  Frequency  Aging  of  3.0  GHz  Near-AT 
Quartz  Fundamental  Mode 
Oscillator  #1 


Figure  2.  Frequency  Aging  of  3.0  GHz  Near-AT 
Quartz  Fundamental  Mode  Delay  Line 
Oscillator  #2 


Figure  3.  Frequency  Aging  of  2.1  GHz  Near-BT 

Quartz  Third  Harmonic  SBAW  Delay  Line 
Oscillator 


input  transducer.  The  aging  is  seen  to  be  about 
25  ppm/year  over  the  first  year.  Figure  2  shows  the 
aging  of  a  nominally  identical  device.  In  this  case, 
initial  aging  was  poor,  although  this  could  be  partly 
due  to  the  initially  uncontrolled  temperature  environ¬ 
ment.  However,  at  the  end  of  August  1983,  overdriving 
damage  was  suspected  as  the  cause  of  the  rapid  upward 
aging  since  this  had  been  seen  for  SAW  devices  at  high 
drive  levels.’  To  reduce  the  drive  level,  the  power 
supply  voltage  for  the  oscillator  of  Figure  2  was 
reduced  from  12  to  5  volts,  dropping  the  device  drive 
pwoer  from  +10  dBm  to  0  dBm.  An  initial  jump  in  fre¬ 
quency  was  seen,  which  is  probably  a  circuit  or  tem¬ 
perature  effect  caused  by  the  large  power  supply 
change.  Aging  then  slowed,  increased,  and  then 
slowed  again  over  a  period  of  two  months.  Finally, 
the  systematic  aging  rate  stabilized  to  only  a  few 
ppm/year,  6  months  after  aging  began.  At  present, 
the  device  of  Figure  2  is  aging  much  better  than  that 
in  Figure  1,  implying  that  the  original  drive  level 
was  damaging  these  devices. 

The  delay  line  in  Figure  3  is  a  third-harmonic 
device,  fabricated  on  near-BT  quartz,  and  operates  at 
2.1  GHz.  The  drive  level  for  this  delay  line  was 
-6  dBm.  As  stated  before,  the  lower  velocity  of  the 
SBAWon  near-BT  quartz  may  make  transducer  mass  loading 
less  severe,  reducing  the  effect  of  additional  mass 
loading  from  adsorption  of  contamination.  This  oscil¬ 
lator  ages  quite  well,  only  a  total  of  2.5  ppm  in  the 
first  8  months.  A  straight-line  fit,  however,  shows 
an  aging  rate  of  about  5  ppm/year.  This  aging  is  quite 
good  for  such  a  high  frequency  device. 

Conclusions 

A  survey  of  SAW  and  SBAW  aging  mechanisms  shows 
few  differences.  For  both  waves,  aging  (measured  in 
ppm)  due  to  relaxation  of  static  stress  is  independent 
of  frequency.  Also,  the  stress  sensitivities  are 
similar.  Adsorption  and  desorption  of  contamination, 
however,  should  cause  aging  (in  ppm)  wuich  is  propor¬ 
tional  to  the  operating  frequency.  The  sensitivity  to 
adsorption  depends  only  on  the  contaminant  in  SAW 
devices,  while  it  also  depends  on  the  amount  of  initial 
mass  loading  in  SBAW  devices,  including  that  of  the 
transducers.  If  the  initial  mass  loading  is  light, 
as  is  probably  the  case  in  near-BT  SBAW  delay  lines, 
the  sensitivity  to  adsorption  could  be  significantly 
less  than  for  SAWs.  Finally,  the  drive  threshold  at 
which  the  power  causes  aging  should  drop  6  dB  per 
octave  for  both  types  of  device. 

A  sampling  of  two  sources  of  SAW  delay  line  aging 
in  the  literature  shows  that  the  aging  appears  to 
scale  with  frequency  as  expected  if  the  dominant  aging 
mechanism  is  adsorption  or  desorption.  Similar  scaling 
predicts  that  low-aging  2  GHz  SAW  delay  lines  might 
age  6  ppm/year  (based  on  Parker's  400  MHz  data),  while 
3  GHz  SAW  delay  lines  might  age  9  ppm/ year. 

Several  SBAW  delay  line  oscillators  were  built 
and  aged  for  nearly  a  year.  Near-AT  devices  at  3  GHz 
aged  20  ppm/year  or  more  at  drive  levels  of  +10  dBm, 
but  a  reduction  in  power  to  0  dBm  reduced  the  aging  to 
only  a  few  ppm/year.  Following  the  6  dB  per  octave 
rule,  the  overdriving  threshold  at  3  GHz  might  be 
expected  to  be  only  -5  dBm  if  it  is  +10  dBm  at  500  MHz 
(where  overdriving  damage  has  been  observed).*  Over¬ 
driving  is  therefore  expected  to  be  responsible  for 
the  rapid  initial  aging  of  these  3  GHz  oscillators. 

The  near-BT  SBAW  oscillator  at  2  GHz,  however,  aged 
only  about  2.5  ppm  over  8  months,  considerably  better 
than  expected  for  a  SAW  oscillator  at  that  frequency 
if  adsorption  or  desorption  is  the  dominant  aging 
mechanism.  This  is  also  consistent  with  the  expecta¬ 
tion  that  BT  SBAW  oscillators  are  expected  to  age 
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less  than  AT  SBAW  oscillators  because  of  less  sensi¬ 
tivity  to  transducer  mass  loading. 

In  conclusion,  SBAW  oscillators  in  the  2  to  3  GHz 
range  are  capable  of  good  long-term  aging.  Aging  of 
only  2.5  ppm  has  been  observed  for  2  GHz  near-BT  SBAW 
delay  line  oscillators  in  the  first  8  months.  A  near- 
AT,  3  GHz  SBAW  oscillator  was  also  observed  to  age 
well  (a  few  ppm  per  year)  when  the  drive  power  was 
lowered  sufficiently.  This  data  indicates  that  low- 
aging  SBAW  oscillators  are  possible  even  when  the 
frequency  is  pushed  far  beyond  the  normal  working 
range  for  SAWs. 
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Summary 


The  Double-Mode  SAW  Resonator 


Acoustic  coupling  occurs  when  two  surface  acous¬ 
tic  wave  (SAW)  resonators  are  arranged  in  a  close, 
parallel  configuration  on  a  single  quartz  plate,  re¬ 
sulting  in  two  distinct  resonance  modes.  This  type 
of  SAW  resonator  has  been  analyzed  using  a  waveguide 
model  to  describe  the  close,  parallel  conf iguration 
and  experiments  were  performed.  The  difference  in 
frequency  between  these  two  resonance  modes  was 
found  to  depend  primarily  on  the  electrode  overlap 
width  in  the  interdigital  transducer  (IDT)  of  the 
two  resonators  and  on  the  space  between  the 
resonators. 

Experiments  were  made  on  2-pole  and  4-pole 
narrow  bandpass  filters  constructed  using  double¬ 
mode  SAW  resonators.  The  characteristics  of  the  4- 
pole  filter  include  a  center  frequency  of  280MHz,  a 
3dB  bandwidth  of  220kHz,  a  minimum  insertion  loss  of 
1.6dB,  and  an  out-of-band  rejection  of  55d6.  The 
spurious  response  was  investigated  through  study  of 
the  energy  trapping  modes. 


Introduction 


In  recent  years,  transversal  SAW  filters  have 
been  widely  used  in  telecommunication  equipment  for 
the  VHF  and  UHF  range.  While  these  filters  have  been 
suitable  for  medium-  and  wide-band  applications, 
their  bi-directional  loss  has  generally  prohibited 
applications  where  narrow-band,  low-loss  filter  char¬ 
acteristics  are  required. 

Until  recently  VHF  and  UHF  range  receivers  have 
employed  a  double  conversion  system  with  two  interme¬ 
diate  frequencies--the  first  at  21.4MH2  or  10.7MHz 
and  the  second  at  455kHz.  The  need  to  reduce  equip¬ 
ment  size  and  complexity,  however,  has  necessitated 
a  single  conversion  system  for  direct  conversion 
from  the  receiver  frequency  to  455kHz,  which  re¬ 
quires  a  filter  with  both  narrow  bandwidth  and  low 
loss. 


Several  types  of  narrow-band,  resonator  fil¬ 
ters  in  this  frequency  range  have  already  been 
reported. ) 3  This  paper  describes  the  anulysis  and 
experiment  of  a  double-mode  SAW  resonator  filter 
utilizing  waveguide  coupling. ^ 


With  SAW  resonators,  the  propagation  velocity 
through  the  interdigital  electrode  section  is  lower 
than  that  on  either  side.  For  theoretical  analysis, 
we  employed  the  surface  acoustic  waveguide  model.'' 
Depending  on  the  waveguide  width,  there  are  displace¬ 
ment  distribution  modes  of  different  frequencies 
(fundamental,  second,  third,  etc.)  Once  a  SAW  reso¬ 
nator  is  developed  that  can  excite  from  the  funda¬ 
mental  to  the  nth  mode,  it  should  be  possible  to  use 
the  frequencies  of  the  n  modes  to  construct  an 
n-pole  bandpass  filter,  in  the  same  manner  as  a 
monolithic  crystal  filter  (MCF).  In  this  paper,  we 
discuss  a  double-mode  SAW  resonator  and  bandpass 
filter  configured  using  the  basic  first  and  second 
modes . 


Resonance  Modes  of  the  SAW  Resonator 


The  structure  of  the  SAW  resonator  is  shown  in 
Fig.  1.  Periodic  gratings  in  the  IDT  electrode  over¬ 
lap  section  (marked  A)  cause  periodic  reflections 
and  perturbations,  reducing  the  SAW  propagation  ve¬ 
locity  compared  to  the  regions  on  either  side.  These 
characteristics  can  be  described  using  the  surface 
acoustic  waveguide  model. 

The  propagation  velocity  in  the  slow  region  Vs 
depends  on  the  free-surface  propagation  velocity  Vo 
and  the  number  of  IDT  pairs  N  as  shown  below;6 


Vs 

Vo 


a  2 

-  -  Kz  - 

0.7g2  +  0.56<?  +  0.43 


(1) 


q  =  irXaN 


(2) 


where  A']  and  Kz  are  constants  depending  on  the 
substrate  material,  the  electrode  material  and  the 
electrode  thickness.  When  aluminum  electrodes  are 
used  on  a  substrate  of  ST-cut  quartz,  the  electrode 
film  thickness  is  H  and  the  IDT  period  is  L,  these 
constants  have  the  following  values:? 

Ki  =  4.33  X  10"*  +  4.23  x  10'^  (  ^)  +  7.9  (  (3) 

Kz  =  6.25  X  lO"*  +  0.121  (  ^)  (4) 


The  propagation  velocity  in  the  fast  region  Vf 
depends  on  the  electromechanical  coupling  constant 
of  the  substrate 


^0 


(5) 


fast 


slow 


fast 


Fig.  1  Electrode  configuration  and  displacement 
distributions  of  SAW  resonators 

(a)  1st  (fundamental)  mode 

(b)  2nd  mode 

(c)  3rd  mode 
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Fig.  2  shows  examples  of  dispersion  curves  for 
SAW  resonators  calculated  by  applying  the  scalar 
potential  theoryS  to  the  surface  acoustic  wave¬ 
guide  model,  fr  is  the  resonance  frequency  of  the 
individual  modes  and  fo  is  resonant  frequency  when 
the  IDT  electrodes  have  a  sufficient  overlap  width. 
A  is  the  !DT  electrode  overlap  width;  L  is  the  IDT 
period;  the  substrate  is  ST-cut  quartz  ( = 
0.0017);  the  electrodes  are  aluminum;  the  number  of 
lOT  pairs  is  300;  and  the  normalized  electrode 
thickness  H/L  is  0.02.  Using  these  parameters.  Vs 
and  Vf  were  calculated  in  equations  (1)  and  (5). 


A  L 


'^ig.  2  Theoretical  dispersion  curves  of  SAW 

resonators.  ST-cut  (37®  rot.  Y-cut)  quartz 
substrate;  aluminum  electrode  thickness 
H/L  =  0.02;  number  of  lOT  pairs  N  -  300. 


Dual  SAW  Resonators  in  a  Close.  Parallel 
Configuration 

If  two  identical  SAW  resonators  are  arranged  in 
a  close,  parallel  configuration,  as  shown  in  Fig.  3, 
and  the  space  between  them  is  small  enough,  acoustic 
coupling  occurs  and  two  resonance  modes  are  excited. 
One  of  these  corresponds  to  the  first  (fundamental) 
mode  shown  in  Fig.  1  (a),  which  has  a  symmetrical 
displacement  distribution  with  respect  to  the  center 
between  the  two  resonators.  Another  corresponds  to 
the  second  mode,  shown  in  Fig.  1  (b),  which  has  a 
displacement  distribution  with  point  symmetry  around 
t'’.'’  center.  In  this  paper,  the  former  is  referred  to 
as  the  symmetric  mode;  the  latter  as  the  antisymmet¬ 
ric  mode.  The  two  close,  parallel  resonators  could 
also  be  thought  of  as  a  single  resonator  with  a 
double-width  IDT  electrode  overlap  that  has  been 
divided  into  two  parts.  The  symmetric  and  anti¬ 
symmetric  modes  of  this  resonator  would  correspond 
to  the  distinct  first  and  second  resonance  modes 
with  the  frequencies  shown  in  Fig.  2. 

If  we  explain  this  phenomenon  by  the  coupling 
theory,  the  frequency  difference  between  the 
symmetric  and  antisymmetric  modes  can  be  shown  to 
depend  on  the  distance  between  the  two  resonators 
and  their  vibration  energy  trapping  levels. 

As  show*  in  fig.  3  (a),  t))e  configuration  con¬ 
sists  of  two  SAW  resonator  elements  with  an  IDT  elec¬ 
trode  overlap  of  W,  arranged  in  parallel  with  a 
spacing  (termed  coupling  gap)  Y)f  G.  On  either  side, 
there  are  busbars  of  width  B,  for  a  total  of  five 


Fig.  3  Schematic  diagram  of  double-mode  SAW 
resonator. 

(a)  Two  SAW  resonators  in  a  close,  parallel 
configuration. 

(b)  Displacement  distributions  of  symmetric 
and  antisymmetric  modes. 


regions  (numbered  from  I  %  V).  In  this  paper,  we 
analyze  the  double-mode  SAW  resonator  using  the 
waveguide  model  to  consider  the  effect  of  the  cou¬ 
pling  gap. 

If,  in  Fig.  3  (a),  we  define  the  SAW  propaga¬ 
tion  direction  to  be  the  X-axis  and  its  perpendic¬ 
ular  to  be  the  Z-axis,  and  we  assume  the  isotropic 
substrate,  the  SAW  propagation  can  be  expressed  as 
the  scalar  potentials  L's  (slow  region)  and  (fast 
region)  as  follows: 


- +  - + 

3X^  3Z  = 


I's  =  0 


3X^  3Z^ 


=  0 


(6) 

(7) 


where  Vs  and  Vf  are  the  SAW  propagation  velocities 
in  the  slow  and  fast  regions,  respectively.  The  solu¬ 
tions  to  Eqs.  (6)  and  (7)  are  given  below,  with  D1  - 
DIO  representing  constants.  For  clarity,  the  term 
exp[-j(6x  -u)t)]  has  been  omitted. 


i|/i  =  D,  sinh  (  k^Z  )  +  Dj  cosh  (  kJ-Z  )  (8) 

%  =  Dj  sin  (  )cs  Z  )  +  D^  cos  {kiZ)  (9) 

=  Ds  sinh  (  kfZ  )  +  Ds  cosh  (  kfZ  )  (10) 

f-iv  =  D,  sin  (  fej  Z  )  +  Ds  cos  (  iks  Z  )  (11) 

1/7  =  D,  sinh  {  kfZ)  +  Dio  cosh  (  kJ-Z  )  (12) 

=  8^  -  ^  (13) 


V  Vy 


(14) 


where  V  is  the  SAW  propagation  velocity  in  each  mode 
and  oi  is  the  angular  resonance  frequency. 
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The  boundary  conditions  are  assumed  to  be  con¬ 
tinuous  displacement  and  stress  at  each  boundary 
with  no  force  applied  at  the  outermost  edges,  Eqs. 
(8)  T-  (14)  result  in  the  following; 


f  ^  ^  ^  r  r 

i:3W  =  tan  ‘  ~  tanh  (  '8  )  }  +  tan''  f  ~  tanh  (  fcj-  ^  )  } 

'4  ■  Jfs 

(15) 

This  equation  assumes  that  the  displacement  in  re¬ 
gions  II  and  IV  are  in  the  same  direction,  i.e.  the 
symmetric  resonance  mode.  If  it  is  assumed  that  the 
displacement  in  regions  II  and  IV  are  in  opposite 
directions,  i.e.  the  antisymmetric  resonance  mode, 
we  arrive  at  the  following: 


=  tan 


k'c  k'f.  g 

t  —  tanh  (  k'S  )  }  +  tan"'  {  —  coth  {  kf  y)  } 

4  •  4 

(16) 


When  the  width  B  of  the  fast  outside  regions  is 
large  enough,  tanh(;<'B)  ~  1,  allowing  Eqs.  (15)  and 
(16)  to  be  approximated  as  follows; 


k'r  k' 

itjW  =  tan''  (  ~  )  +  tan''  {  tanh  (  ^ )  }  (17) 

4  4  ^ 


ifjW  =  tan'' 


(  -7  )  +  tan' ' 
^s 


{  -7  coth  [k'fj)] 

4 


(18) 


Substituting  (13)  and  (14)  into  (17)  and  (18),  and 
using  the  relation  oj  =  2^V/L,  we  can  express  these 
equations  in  terms  of  the  normalized  IDT  electrode 
overlap  width  W/L  and  the  normalized  coupling  gap 
G/L  as  follows: 


W  t 

2;t— P  (  b's'-P’M*  =  tan 
L 


bo  -  P 


+  tan 


2tt —  P  (  bj'  -  P 


+  tan 


P'''bi  i  -2  -2  i 

- tanh  {(  p  -  b^  )  Pit —  } 

bV-P"^  ^  L 


(19) 


2 


tan 


b'/-P'' 


P^-bf  I  - 2  - 2  i  ^ 

)  coth{(p'-bjrP7T— } 


bV-p"' 


(20) 


P 


Vo 


(21) 


If,  in  (19)  and  (20)  we  solve  for  P,  and 
bs  <  P  <  bf,  we  can  term  the  values  Ps  and  Pa  corre¬ 
sponding  to  the  symmetric  and  antisymmetric  modes. 
The  frequency  of  symmetric  resonance  mode  fs  and  of 
antisymmetric  resonance  mode  fa,  can  then  be  ex¬ 
pressed  as  fs  =  Vo.Ps/l  and  fa  =  Vo-Pa/L,  allowing 
us  to  express  the  difference  Af  as  follows: 


A/  fa  -  fs  Pa  -  Ps 
/a  "  fa  "  Pa 


I 

As  we  have  seen,  when  two  SAW  resonators  are 
arranged  in  a  close,  parallel  configuration,  the 
acoustic  coupling  results  in  two  distinct  resonance 
modes,  symmetric  and  antisymmetric.  This  configura¬ 
tion  is  termed  a  double-mode  SAW  resonator. 

In  this  same  way,  if  n  SAW  resonators  are 
arranged  in  the  close  parallel  configuration,  a 
multi-mode  SAW  resonator  capable  of  being  excited  in 
n  modes  can  be  obtained. 


A  Narrow  Bandpass  Filter  Using 
the  Double-Mode  SAW  Resonator 


An  Equivalent  Circuit  for  the  Double-Mode  SAW 
Resonator 


The  operating  principles  and  configuration  of 
the  double-mode  SAW  resonator  resemble  those  of  an 
MCF,  allowing  the  equivalent  circuit  to  be  expressed 
in  the  same  way.  If  we  consider  a  double-mode  SAW 
resonator  with  the  IDT  electrode  finger  relation¬ 
ships  shown  in  Fig.  3  (a),  and  the  terminal  pairs 
T]/T' 1  and  T2/T'2  are  driven  in  phase,  the  anti- 
symnetric  mode  results.  If  they  are  driven  in 
reverse  phase,  the  symmetric  mode  results.  From 
this,  the  double-mode  SAW  resonator  with  the  elec¬ 
trode  finger  relationships  shown  in  Fig.  3  (a)  can 
be  expressed  as  the  equivalent  circuit  shown  in  Fig. 
4  (a),  f,  L,  C,  and  R  indicate  the  resonance  fre¬ 
quency,  equivalent  inductance,  equivalent  capaci¬ 
tance  and  equivalent  resistance.  The  subscript  s 
indicates  the  symmetric  mode;  the  subscript  a 
indicates  the  antisymmetric  mode;  Ls  =  l.a  and  Rs  = 
Ra;  Co  is  the  parallel  capacitance  of  the  individual 
resonators.  In  this  paper,  double-mode  SAW  resona¬ 
tors  with  this  kind  of  electrode  finger  relationship 
will  be  termed  the  finger-in-phase  type. 
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(  Cm  -  I  Ca  -  I  Cs 


Fig.  4  (a)  Equivalent  circuit  of  finger-in-phase 

type  double-mode  SAW  resonator, 
fs,  Ls,  Cs,  Rs:  circuit  parameters  for 
symmetric  mode. 

fa.  La,  Ca,  Ra:  circuit  parameters  for 
antisymmetric  mode. 

(b)  Ladder  circuit  transformed  from  (a) 

Li  =  La  =  Ls,  Ri  *  Rs  *  Ra, 

1/Cm  «  1/Ca  -  1/Cs 
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When  the  two  IDT  sections  are  offset  by  L/2  pro¬ 
ducing  an  electrode  phase  relationship  of  180°  in 
the  propagation  direction  (see  Fig.  5),  the  phase 
relationship  between  the  terminal  drive  voltages  is 
inverted,  resulting  in  inversion  of  the  excited  mode 
relationships  as  well.  The  equivalent  circuit  would 
be  as  in  Fig.  4  with  the  fs  and  fa  resonance  arms 
exchanged.  In  this  paper,  double-mode  SAW  resonators 
with  this  kind  of  electrode  finger  relationships 
will  be  termed  the  finger-out-of-phase  type. 

A  Narrow  Bandpass  Filter  Using  the  Double-Mode  SAW 
Resonator 

The  double-mode  SAW  resonator  equivalent 
circuit  shown  in  Fig.  4  (a)  can  be  transformed  to 
the  ladder  circuit  structure  shown  in  Fig.  4  (b). 

Here  L]  =  Ls  =  La  and  R]  =  Rs  =  Ra.  Cm  is  the 
equivalent  coupling  capacitance.  In  the  finger- 
in-phase  type,  1/Cm  =  1/Ca  -  1/Cs;  in  the  finger- 
out-of-phase  type,  Cs  and  Ca  in  the  figures  are 
exchanged  and  1/Cm  =  1/Cs  -  1/Ca.  Both  are 
expressed  by  the  same  ladder  circuit. 

Appropriate  termination  of  the  ladder  circuit 
shown  in  Fig.  4  (b)  results  in  a  2-pole  bandpass 
filter  configuration.  Connection  of  m  double-mode 
SAW  resonators  in  tandem  would  produce  a  filter  with 
2m  poles. 

When  a  filter  is  constructed  by  finger-in-phase 
and  finger-out-of-phase  resonators,  both  have  a 
bridge  capacitance  between  the  input  and  output 
terminals  (T-j  and  T2).  In  the  finger-in-phase  type, 
the  resonance  arm  between  T^  and  T2  has  a  lower 
frequency  and  because  there  is  a  parallel  bridge 
capacitance  present,  an  attenuation  pole  is  not 
produced  at  the  real  frequency,  resulting  in  degra¬ 
dation  of  the  filter  shape  factor.  But  because  the 
finger-out-of-phase  type  has  the  bridge  capaci¬ 
tance  on  the  higher  frequency  resonance  arm,  the 
attenuation  pole  is  generated. 


Experiments 

The  Frequency  Difference  between  Modes  in  the 
Double-Mode  SAW  Resonator 

The  frequency  difference  between  the  two  modes 
of  the  double-mode  SAW  resonator  Af  =  fa  -  fs 
depends  primarily  on  the  IDT  electrode  overlap  width 


IDT  ^  ’  Rofleoior 


Fig.  5  Schematic  illustration  of  actual  SAW 
resonator  (finger-out-of-phase  type). 
W  :  IDT  finger  overlap  width 
6  :  Coupling  gap 
B  :  Busbar  width  (B  >>  L) 


W  and  the  coupling  gap  G,  as  shown  in  Eqs.  (19)  and 
(20).  This  difference  determines  the  passband  width 
of  the  f i Iter. 

> 

The  relationship  of  W,  G  and  Af  were  experimen¬ 
tally  determined  using  the  f inger-out-of  phase  type 
double-mode  resonator  configuration  shown  in  Fig.  5. 
For  the  experiment,  aluminum  electrodes  were  fabri¬ 
cated  on  a  ST-cut  (37°  rot.  Y-cut)  quartz  substrate 
with  the  following  parameters:  frequency  f  =  280MHz, 
IDT  period  L  =  11.12pm,  IDT  pair  number  N  =  300, 
reflector  grating  number  (per  side)  M  =  300,  and 
normalized  film  thickness  H/L  =  0.02. 

The  test  results  are  shown  in  Fig.  6.  The 
broken  lines  show  the  experimental  values;  the  solid 
lines  show  the  theoretical  values  calculated  from 
Eqs.  (1),  (5)  and  (22).  The  graph  clearly  shows  that 
as  W/L  and  G/L  decrease,  the  coupling  grows  stronger 
and  Af/fa  increases.  There  was  some  discrepancy 
between  the  experimental  and  theoretical  va’  es,  but 
the  trend  proved  to  be  a  uniform  one.  This  c  screp- 
ancy  is  thought  to  stem  from  assumption  of  uniform 
displacement  without  considering  energy  trapping  in 
the  SAW  propagation  direction  and  also  from  the 
approximation  in  propagation  velocity  within  the 
individual  regions. 


Narrow  Bandpass  Filter 

Design  and  Fabrication.  2-  and  4-pole 
narrow  bandpass  filters  were  fabricated  using  double¬ 
mode  SAW  resonators.  Filter  design  began  with  a  low- 
pass  prototype  filter  with  Tchebyscheff  character¬ 
istics.  Bandpass  transformation  and  imaginary 
gyrator  transformation  were  performed  and  a  ladder 
circuit  was  configured  using  the  double-mode 
resonator  as  the  basic  element. 


W-L 


Fig.  6  Frequency  difference  of  double-mode  SAW 

resonators  with  normalized  coupling  gap  G/L 
and  normalized  finger  overlap  length  W/L. 
H/L  :  Normalized  electrode  thickness 

N  :  Number  of  IDT  pairs 

M  ;  Number  of  reflecting  gratings 

L  :  IDT  period 
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Figs.  7  and  8  show  the  design  parameters  of  2- 
and  4-pole  filters  with  a  center  frequency  of 
280MHz.  In  these  figures  equals  Ca.  The  2-pole 
filter  consists  of  one  double-mode  resonator,  while 
the  4-pole  filter  consists  of  two  resonators  con¬ 
nected  in  tandem.  The  4-pole  filter  was  constructed 
by  fabricating  two  resonators  in  tandem  on  a  single 
chip,  as  shown  in  Fig.  9.  When  the  resonator  is  to 
be  employed  as  a  narrow  bandpass  filter,  the  Q  must 
be  made  as  large  as  possible  to  minimize  filter 
loss.  To  maximize  reflector  efficiency,  the  design 
included  a  slight  difference  between  the  IDT  period 
Lj  and  the  reflector  period  Lr.  In  addition,  a  W/Lj 
of  about  10  and  a  G/Ly  of  1  were  selected  to  raise 
the  Q  and  widen  the  passband.  A  quartz  substrate 
with  a  37°  rotated  Y-cut  was  selected  so  that  the 
turnover  temperature  Tp  in  the  parabolic  tempera¬ 
ture-frequency  curve  would  be  matched  to  room 
temperature.  These  design  parameters  are  listed  in 
Table  I. 


Li  C,  L,  C| 


-nnrHhr-^TirHl- 


c, 


L.  -  240"H  C,  l.3/'F  C,  2.0;>F  C-.  R,  4000 

280fvlHz  /,;  /\  igOKHz 


Fig.  7  Ladder  circuit  of  280MHz  2-pole  filter. 


TABLE  I  Design  of  double-mode  SAW  resonators 


280MHz 

470MHz 

Substrate 

37°  rot.  Y 

quartz 

Electrodes 

Aluminum 

Film  thickness  (H/Lj) 

0.02 

0.02 

IDT  period  (Ly) 

11.12pm 

6.68pm 

Reflector  period  (Lr) 

11.15pm 

6.70pm 

IDT  overlap  (W/Lj) 

10 

11 

Coupling  gap  (G/Lt) 

1 

1 

IDT 

300  pairs 

400  pairs 

Reflector  (per  side) 

300  gratings  400  gratings 

The  measured  circuit  values  of  the  resonators 
shown  in  Table  I  are  listed  in  Table  II. 


TABLE  II  Measured  circuit  values  of  double-mode  SAW 
resonators 


280MHz 

470MHz 

fa 

281.4MHz 

467.3MHz 

Af 

(Af/fa)  190kHz  (6.8  x  10“*) 

180kHz  (3.8  X  lO'-) 

0 

18,000 

12,000 

Ll 

240pH 

80pH 

Y 

1200 

1200 

L;  240i,H  C,  1.3/F  C.  2.0|)F  C,.  i.SpF  Rr  4000 
/,  280MH2  f,  1 90kHz 


Fig.  8  Ladder  circuit  of  280MHz  4-pole  filter. 


Rnflor.tor  300  -iratinos  IDT  300  pairs  Rotlriotor  300  gtaliii-is 


Fig.  9  Electrode  configuration  and  chip  size  of 
280MHz  4-pole  filter  (dimensions;  mm). 


Frequency-Loss  Characteristics.  Figs.  10  'v 
12  show  the  measured  values  of  the  frequency-loss 
characteristics.  Measurements  were  made  using  the 
test  circuits  shown.  The  tuning  coils  were  used  to 
neutralize  the  stray  capacitance  of  the  hermetic 
terminals  and  the  measuring  system.  As  with  conven¬ 
tional  crystal  filters,  the  performance  of  these 
filters  is  strongly  affected  by  the  termination, 
necessitating  accurate  control  of  termination 
conditions. 

Out-of-band  rejection  is  affected  by  feed¬ 
through  signals.  In  the  2-pole  filter,  out-of-band 
rejection  is  25dB,  in  the  4-pole  filter  it  is  55dB. 

The  characteristics  of  the  prototype  narrow 
bandpass  filters  are  shown  in  Table  III. 


TABLE  III  Characterstics  of  the  prototype  narrow 
passband  filters 


280MHz 

280MHz 

470MHz 

Center  frequency 

281.4MHz  281.4M1Z 

467.3MHz 

Construction 

2-pole 

4-pole 

4-pole 

3dB  bandwidth 

260kHz 

220kHz 

260kHz 

Ripple 

0.2dB 

0.2dB 

0.2dB 

Min.  insertion  loss 

0.8d8 

1.6dB 

5dB 

Out-of-band  rejection 

25dB 

55dB 

60dB 

Temp.-freq.  chara. 

Parabol  ic 

(2nd  order  coef f . ) 

-3.4 

X  lO-VC 

Terminating  impedance 

400ft//tun ing 

200sV/tun  ing 
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Fig.  13  shows  a  photograph  of  the  280MHz  4-pole 
filter.  The  device  is  packaged  in  a  flat  pack  (10.4 
X  4.2  X  2.7nim) . 


Fig.  13  Photograph  of  280MHz  4-pole  filter. 


Spurious  Response.  We  investigated  the 
spurious  response  on  either  side  of  the  passband 
shown  in  Figs.  10  ^  12.  If  the  order  of  the  energy 
trapping  mode  in  the  X-direction  (propagation 
direction)  and  Z-direction  are  termed  X  and  Z,  the 
mode  of  the  resonator  can  be  expressed  as  mode 
[X,Z].  The  symmetric  mode  would  be  expressed  as  mode 
[1,1],  while  the  antisymmetric  mode  would  be 
expressed  as  mode  [1,2].  Mode  [1,1]  and  [1,2]  are 
the  principal  modes  coi responding  to  the  passband. 
The  other  modes  correspond  to  spurious  responses. 
However,  all  the  even  modes  except  for  the  second 
order  mode  in  the  Z-direction  are  suppressed  by  the 
charge  cancelling  that  occurs  within  the  electrodes. 
In  the  inharmonic  modes  in  the  Z-direction,  the 
resonance  frequency  rises  as  the  order  of  the  energy 
trapping  mode  increases. 8  However,  in  the 
X-direction,  the  resonance  frequency  drops  as  the 
order  of  the  inharmonic  mode  rises.  Consequently, 
the  resonator  has  response  at  the  following 
frequencies,  expressed  in  terms  of  the  resonance 
mode  [X,Z]:  .  .  .  ,f[5,l],  f[5,2],  f[3,l],  f[3,2], 
f[l,l],  f[l,2],  f[l,3],  f[l,5],  .  .  Fig.  14  shows 
the  modes  corresponding  to  the  spurious  response 
peaks . 


Fig.  14  Spurious  responses  and  their  displacement 
distribution  modes  of  280MHz  4-pole  filter. 


The  following  three  methods  have  been  suggested 
to  supress  spurious  response.  The  first  is  to  make 
the  electrodes  thinner,  in  order  to  reduce  the 
energy  trapping  of  the  higher  order  inharmonic  mode. 
Fig.  15  shows  the  measured  values  with  an  electrode 
thickness  H  that  is  1.5%  of  the  IDT  period  ij . 
Application  of  this  method  reduced  the  spurious 
response  in  modes  [3,2],  [1,3]  and  [1,5],  but  showed 
little  effect  on  mode  [3,1].  In  addition,  the  main 
modes  were  also  affected.  The  loss  increased  to 
somewhat  above  its  minimum  value  and  the  coupling 
between  the  resonators  increased,  widening  the 
passband  s 1 ightly. 

The  second  method  can  be  employed  when  multiple 
double-mode  resonators  are  used.  The  spurious 
response  frequencies  of  each  resonator  are  made  to 
differ  and  the  group  is  connected  in  tandem.  Fig.  16 
shows  the  result  of  this  method.  In  this  example, 
the  ratios  of  the  IDT  and  reflector  period  Lj/Lp 
were  made  to  differ  slightly,  staggering  the 
spurious  response  frequencies. 


Fig.  15  Measured  frequency  response  of  280MHz 

4-pole  filter  with  thin  electrodes.  (Energy 
is  not  trapped  in  high  order  modes.) 


Fig.  16 


Z80 

FrrtiijpiiCy  (MHz) 


Measured  frequency  response  of  280MHz 
4-pole  filter,  (two  double-mode  SAW  resona¬ 
tors  with  different  spurious  frequencies 
connected  in  tandem.) 
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The  third  method  is  the  apodization  of  the  IDT. 
This  method  suppresses  the  higher  inharmonic  modes 
in  the  X-  and  Z-directions,  improving  the  spurious 
response. 

Temperature  Characteristics.  The  tempe¬ 
rature-frequency  characteristics  of  these  filters 
were  identical  to  those  of  the  SAW  resonators.  The 
characteristic  is  parabolic,  with  turnover  tempera- 
tureTp  =  25°C  and  a  2nd  order  coefficient  of  -3.4 
X  10  V°C ’.  Tp  depends  on  the  cut  angle  of  the 
substrate  and  the  electrode  thickness. 


Discussion 

The  range  of  possible  bandwidths  and  center 
frequencies  was  investigated.  As  in  conventional 
crystal  filters,  the  maximum  bandwidth  of  these 
filters  is  limited  by  the  capacitance  ratio 
'(  =  Co/C],  to  the  rather  high  maximum  value  of 
1/y.  The  capacitance  ratio  of  the  SAW  resonator 
has  a  minimum  value  of  about  1000  (in  the  case  of  ST 
quartz),  limiting  the  bandwidth  to  a  maximum  of 
about  1  X  10’’.  To  achieve  wider  bandwidths  than 
this,  an  elongation  coil  is  required,  but  it  is 
difficult  to  realize  coils  with  high  Q  and  stabili¬ 
ty.  Therefore,  to  construct  a  filter  with  a  wider 
bandwidth,  a  material  with  a  high  coupling  constant 
(and  consequently  a  small  y  )  such  as  LiTaO^  or 
LiNbOg  should  be  selected.  The  minimum  bandwidth  is 
restricted  by  temperature- induced  frequency  varia¬ 
tion,  the  rise  in  minimum  loss  caused  by  a  narrow 
bandwidth,  and  the  precision  of  the  frequency 
adjustment.  When  ST  quartz  is  used,  the  value  ranges 
from  1  X  lO"**  n.  1  X  10"^  .  Technical  limitations  on 
pattern  resolution  restrict  the  center  frequency  to 
a  maximum  of  somewhat  higher  than  1  GHz,  while 
device  size  limits  the  minimum  value  to  several  tens 
of  MHz. 


Conclusion 

We  have  discussed  double-mode  SAW  resonators 
constructed  using  two  SAW  resonators  in  a  close, 
parallel  configuration  and  their  applications  for 
narrow  bandpass  filters.  From  our  experiments,  three 
principal  conclusions  can  be  drawn: 

(1)  The  frequency  difference  of  the  two  resonance 
modes  of  the  double-mode  SAW  resonator  constructed 
using  two  SAW  resonators  in  a  close,  parallel  con¬ 
figuration  is  determined  by  the  IDT  electrode 
overlap  width  W  and  the  coupling  gap  G. 

(2)  Double-mode  SAW  resonators  can  be  used  to 
construct  narrow  bandpass  filters  with  both  compact 
size  and  low  loss.  This  type  of  filter  permits 
center  frequencies  from  several  tens  of  MHz  to 
somewhat  above  1  GHz,  with  a  bandwidth  of  1  x  10'''  n. 

1  X  10-^ 

(3)  When  bandpass  filters  are  constructed  using 
double-mode  SAW  resonators,  the  spurious  response  on 
the  low  side  of  the  passband  is  due  to  energy 
trapping  of  higher  order  inharmonic  modes  in  the  SAW 
propagation  direction,  while  spurious  response  on 
the  high  side  is  due  to  the  same  phenomenon 
perpendicular  to  the  propagation  direction. 
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Summary 


It  has  been  shown  that  frequency  stability  of  quartz 
oscillators  is  limited  by  temperature  fluctuations  and 
specially  by  their  time  dependent  parts.  In  order  to 
evaluate  dynamic  thermal  sensitivities  of  SAW  devices, 
it  needs  to  develop  a  theoretical  analysis  in  three 
steps. 


First,  the  temperature  repartition  is  calculated  in  a 
one  dimensional  model  corresponding  to  an  infinite 
width  plate  of  quartz  and  in  a  two  dimensional  model 
taking  into  account  lateral  boundary  conditions.  Tempe¬ 
rature  charts  are  presented.  Secondly,  thermal  stresses 
are  obtained  in  the  case  of  a  free  plate  as  plane- 
stress  for  the  one-dimensional  model  and  plane-strain 
for  the  two  dimensional  one.  Finally,  theoretical  sen¬ 
sitivities  for  several  guartz-cuts  are  determined  from 
a  perturbation  method.  Calculated  values  are  about 
1x10-  s/K. 


Introduction 


The  Frequency  stability  of  quartz  crystal  resonators  is 
still  mainly  due  to  temperature  fluctuations.  The  sta¬ 
tic  thermal  behavior  coming  from  a  uniform  heating  has 
been  studied  leading  to  temperature  compensated  singly 
and  doubly  rotated  cuts*'>'^>  . 

When  heating  is  nonuniform,  the  temperature  in  the 
crystal  has  a  spatial  distribution  ;  moreover  tempera¬ 
ture  can  present  time  variations.  Internal  stresses  and 
strains  take  place  in  the  crystal  which  induce  frequen¬ 
cy  shifts  by  nonlinear  coupling  with  the  high  frequency 
wave.  The  effect  of  thermal  gradients  was  quite  well 
studied  in  the  case  of  bulk  wave  resonators'* >  *  but 

not  so  much  with  SAW  devices. 

In  this  paper  we  present  a  theoretical  approach  of  the 
dynamic  thermal  effect  in  SAW  devices.  Two  cases  will 
be  examined  :  the  one  dimensional  model  in  which  heat 
IS  diffusing  along  the  plate  thickness  and  the  two 
dimensional  one  in  which  heat  is  transferred  both  along 
the  thickness  and  along  the  main  faces  of  the  plate. 


Temperature  distribution 

A  long  prismatic  plate  of  length  in  the  X3  direction 
large  compared  with  the  cross  sectional  dimensions 
(2hx2Jl)  is  considered  (Fig.  1).  As  a  consequence  the 
temperature  0  inside  the  crystal  depends  only  on  xi  and 
X2  coordinates  and  obeys  to  the  diffusion  equation 

(1) 

Sx^  k^axj  K  at 

2 

k  =  X2/X1  is  the  ratio  of  the  thermal  conductivities 
in  the  X2  and  xi  direction  and  <  is  the  thermal  diffu¬ 
sion  in  the  X2  direction. 

The  problem  of  the  determination  of  the  temperature 
distribution  in  the  plate  is  formulated  in  various 
types  of  heating  process  where  the  choice  of  the  appro¬ 
priate  boundary  conditions  is  presented. 

One-dimensional  model 


When  the  lateral  size  2i  along  Oxi  direction  is  consi¬ 
dered  as  infinite,  the  x^  dependence  of  9  in  (1)  can  be 
neglected.  The  bottom  of  the  plate  is  submitted  to  tem¬ 
perature  variations  $(t).  Linear  heat  exchanges  with 
the  surrounding  medium  at  Tq  occur  on  the  upper  face 
of  the  device  (Fig.  2).  This  one-dimensional  model  can 
be  solved  with  the  aid  of  the  Duhamel's  theorem'  and 
the  solution  is  obtained  in  the  form  of  a  series 


9(x2,t) 


^  2(pn  +  Ah^H^) 
n=1  (2hH  +  4h^H^  + 

Pn  r 

sin  —  (x2  +  2h)  {^(t)  -  — - - - 

2h 


(2) 


The  H  term  is  proportional  to  the  linear  transfer  H'  by 
H=H'A2"  *(t)  is  considered  as  a  slowly  varying  func¬ 
tion  of  time.  Pn  is  the  nth  root  of  the  equation' 

P  cotp  +  2hH  =  0  (3) 


The  first  step  in  the  analysis  of  thermal  response  of 
SAW  resonators  consists  to  obtain  the  temperature  dis¬ 
tribution  in  the  quartz  plate  from  the  heat  conduction 
equation  in  respect  to  appropriate  boundary  and  initial 
conditions.  The  time  dependent  thermally  induced  bia¬ 
sing  state  IS  then  obtained  from  the  equations  of  the 
static  linear  thermoelasticity.  A  perturbation  analysis 
of  the  equilibrium  equation  for  small  vibrations  super¬ 
posed  on  the  thermal  bias  is  performed  leading  to  the 
determination  of  the  dynamic  temperature  coefficient 
for  SAW  devices. 

Numerical  calculations  reveal  that  the  influence  of  the 
dynamic  SAW  behavior  remains  of  the  same  order  of 
magnitude  as  the  bulk  SC-cut. 


Two-dimensional  model 

Two  ways  of  heat  exchanges  with  the  surrounding  medium 
are  examined. 

a)  lower  face  heating 

As  shown  in  figure  3,  the  temperature  4>(t)  is  prescri¬ 
bed  on  the  face  X2  =  -h  and  heat  is  transferred  to  the 
external  medium  at  Tg  by  a  linear  transfer  on  the 
three  remaining  faces  ;  consequently  the  boundary  con¬ 
ditions  are 

±  Hi  ^  +  H'(9  -  T„)  =  0  XI  =  ±  f  -h  <  X2  <  h  (4) 
dxi  o  ‘ 


CH20e2-0/84/0000-02fl4$1.00  ©  1984IEEE 


294 


+  ^2  +  H'  (e  -  T  )  =  0  X2  -  +  h  -A  <  x,  <  Jl  (5) 

dx2  0 

$  =  $(t)  X2  =  -  h  -A  <  XI  <  A  (6) 

Solving  (1)  with  equations  (4-6)  leads  to  the  tempera¬ 
ture  distribution 


r,  ,,  COSk  CtnX, 

e(xi,X2,t)  r  ^  2HA  '’I 


cosk  ttpA  (ttp+H^  )A^  +  HA  2h^ 


(7) 


sin  —  (x2+h)  /  (1 
2h 


■fCt)  1  . 

2u  /2u  ).(_  -  —  <I.(t)] 


with 

=:  k^  +  (u^/2h)^  (8) 

and  u^^  are  solutions  of  the  transcendental  equations 

a^A  tan  ap,A  =:  HA  (9) 

-u^  cotan  u^  +  2h  H  =  0  (10) 

According  to  relation  (7),  the  temperature  9  can  be 
written  as  the  sum  of  two  terms  proportional  respecti¬ 
vely  to  ^(t )  and  $(t ) 

e(xi,x2,t)  =  $(t)  +  e*  $(t)  (ii) 

Charts  have  been  prepared  giving  numerical  values  of 
the  temperature  for  quartz  plates  2  mtn  thick  and  2  cm 
long.  9$  and  9$  are  shown  in  figure  4  as  a  function  of 
the  position  along  the  length  of  the  plate  for  some 
values  of  the  depth.  These  curves  indicate  temperature 
9$  and  9$  are  practically  constant  in  the  mam  range 
-xf<xi<xf  (xf  ~  8  mm)  that  is,  the  entire  length  except 
for  a  short  region  near  ends.  The  same  conclusions  can 
be  made  on  figure  5  where  9$  and  9{,  are  presented  as  a 
function  of  the  depth  for  some  values  of  the  position 
along  the  plate  length. 


With  the  values  of  H,  h  and  A  mentioned  previously,  the 
temperature  decreases  very  rapidly  near  to  the  plate 
ends,  so  that  the  temperature  variation  is  negligible 
inside  the  plate. 


Thermal  stresses 

Thermal  stresses  arise  in  a  heated  body  because  of 
either  a  nonuniform  temperature  distribution  or  exter¬ 
nal  constraints.  We  consider  in  this  chapter  only  the 
effect  of  a  nonuniform  temperature  and  subsequently  the 
case  of  a  plate  free  to  expand. 

As  a  consequence  of  the  form  taken  by  the  temperature 
distribution,  two  types  of  thermoelastic  problem  will 
be  considered.  For  the  one  dimensional  model,  a  state 
of  plane  stress  in  which  the  stresses  ^ ^2  perpendicular 
to  the  plane  are  zero  may  be  used.  For  the  two  dimen¬ 
sional  model,  a  state  of  plane  strain  where  the  displa¬ 
cement  components  Uj^  are  given  by 

U1  =  ui(xi,X2,t)  U2  =  U2(xi,X2,t)  U3  :  0  (15) 

will  be  used. 


One-dimensional  formulation 


As  the  temperature  varies  through  the  thickness  only, 
only  stress  components  T^,  1^3  and  T33  are  non  zero. 

Their  form  is  obtained  from  the  equilibrium  equation 
and  the  boundary  conditions  of  zero  traction  on  the 
edges  of  the  plate  according  to  the  method  for  thin 
plates  used  by  Boley®  and  Holland®. 


Two-dimensional  formulation 


A  system  of  approximate  plate  equations  for  the  deter¬ 
mination  of  thermal  stresses  in  thin  piezoelectric  pla¬ 
tes  IS  performed  by  the  thin  plate  approximation  due  to 
Mindlin^®.  Referred  to  the  OX1X2X3  coordinate  system, 
displacements  u^  are  developed  with  respect  to  X2 
powers 


b)  lateral  heating 

As  shown  in  figure  6,  prescribed  temperatures  $i(t)  and 
$2(1)  are  at  the  end  faces.  A  linear  heat  transfer  oc¬ 
curs  at  the  major  faces  X2  z  ±  h.  The  analytical  solu¬ 
tions  are  obtained  as 


9(xi  ,X2,t) 


=  I  2  HA 
n 


cos  api  x^  1 

cos  h  (a^+H^)h^  +  Hh 


r  n  (n ) 

01  =  1  X2  Ui 

n=0 

r  n  (n) 

U2  =  ),  X2  U2 

nzO 

U3  =  0 


(16) 


The  n-th  order  plate  strains  take  the  following  form 


sinh  kan(x,+A)  ,  ^  sinh  kan(A-x,  )  , 

+  [$l(t)  - !L_i -  +  $2(t)  - - - i--  (1 


12) 


-  I  (-1  )^‘^^  ill-  [$1(1)  sin  ii  (xi+A) 

1  =  1  Zr  2A 

+  $2 (t)  sin  ii  (A-xi  )]) 
2A 


with 


=  k^  +  (iit/2A)^ 


(13) 


and  equation 

a  h  tan  a  h  =  Hh 


(14) 


-(n)  _  1  f,,(o)  (n)  ,  .w.  (n+1)  .  (o+D.i/n-, 


and  the  linear  thermoelastic  constitutive  equations  are 
written 


=  ^ijkA  ^kA  -  ''ij[e(>'l.>^2,t)  -  Tj 


(18) 


The  thermoelastic  constants  v^j  are  related  to  the 
coefficients  of  linear  expansion  akji  and  the  elastic 
constants  C^jkJi  by  the  usual  relation 


V 


ij 


'"ijkA  “kA 


(19) 


The  static  form  of  Mindlin's  equations  in  which  the 
dependence  along  X3  has  been  disregarded  may  be  written 
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n  =  0,  1,  2 


-  n  ^  =  0 

ij,i  2j  j 

where  i  takes  the  value  1  and  skips  2  and 
=  /  x5  T  .  dx2 


F(n)  .  .n 


(20) 

(21) 

(22) 


With  the  notation 

=  I  9(xi,X2,t)  dx2 

-h 


(23) 


and  with  (17)  and  (18)  the  m-th  order  stress  resultants 
take  the  form 


1^'"^  =  C  ,  I  H  -  V  .  0 

iJ  iJkA  mn  ki  ij 


(n) 


,  (m) 


(24) 


H  =  2h"’'""'"''  /  (tiH-n+l) 
mn 

=  0 


m+n  even  (23) 
m+n  odd 


The  bounoary  conditions  on  the  mam  surfaces 

T22(±b)  =  0  Ti2(±b)  =  0  (26) 

and  on  the  end  faces 

t|j^±A)  =  0  (27) 

are  that  of  a  free  stress  plate. 

Introducing  (26)  in  (20)  yields 
F^'’^  =  0  (28) 

The  equilibrium  equations  (20)  may  be  expressed  in 
terms  of  displacements  u'  (16)  by  means  of  relations 
(24)  and  (17).  ^ 

Doubly-rotated  cuts  have  elastic  constants  which  intro¬ 
duce  coupling  between  extension  and  flexure.  Then, first 
calculations  are  made  in  the  case  of  singly-rotated 
cuts,  and  elastic  constants  which  couple  extension  and 
flexure  are  taken  to  vanish  in  the  constitutive  equa¬ 
tions. 

Furthermore,  in  order  to  allow  for  free  strain 
5^2^  and  622^  take^° 

T^2^  =  0  TitV  =  0  (29) 

and 

T^2^  =  0  .  (30) 


From  (29),  (28),  (27)  and  (20)  the  extension  components 
are  given  by 


(0)  *,*  0^°^  h2/5  -  0^2V3 

(31) 

=  .>• 

8/45  h^ 

(32) 

(1)  .  *,*  0^°^  3hV5  -  0^^^ 

^  ^  8/15h3 


uj’)  -  v;/c‘ 

^  ^  “  8/15  h^ 


(33) 

(34) 


and  then  from  (30),  (28),  (27)  and  (20)  the  flexural 


components 

(2) 

u 

V2* 

(35) 

2 

4/3  h^  C22 

=  -  ’ 

(36) 

(1) 

u 

-3  .2  (3)  3 

=  ^  h  u  +  — 

(1  )  * 
o''  VI 

(37) 

1,1 

11 

5  ^  ^  2 

h3  cTT 

“S;i 

(38) 

where 

* 

*  0 
>^22  =  ''22-‘'l2^‘'u 

(39) 

* 

'’i  = 

''r'’2  ^12'^''22  ’ 

(40) 

When  integration  with  respect  to  xi  is  performed  in  the 
above  expressions,  integration  constants  are  introduced 
in  u(°^  and  ul°^  representing  uniform  translation  of 
the  plate  along  the  x^  axis.  We  can  set  this  to  zero 
without  loss  of  generality.  Moreover,  integration  cons¬ 
tants  appearing  in  uP  ^  and  vanish  as  a  consequen¬ 

ce  of  conditions  (27;  T^°)(±A;  =  0  and  t(J)(±A)  =  0. 

From  these  results,  displacements,  strains  and  displa¬ 
cement  gradients  are  obtained  as  function  of  zero-th, 
first  and  second  moments  of  the  temperature.  According 
to  the  form  taken  by  the  temperature,  moments  are 

obtained  in  an  series  of  trigonometric  functions  which 
13  not  suitable  for  numerical  calculation. 

A  good  approximation  for  the  temperature  in  the  main 
range  of  the  plate  length  is  given  by  a  polynomial  in 
two  dimensions,  the  coefficients  of  which  are  obtained 
from  the  complete  temperature  representation  by  a  poly¬ 
nomial  regression. 

So,  m-th  order  moments  of  9  are  readily  performed  and 
we  can  substitute  0('"7  mto  eg.  (31-38). 


Sensitivity  of  SAW  to  temperature  gradients 

When  a  quartz  resonator  undergoes  heating,  two  kinds  of 
effects  affect  the  natural  frequency  :  a  direct  thermal 
effect  by  means  of  dilatation  and  material  temperature 
coefficients  like  and  an  indirect  thermoelas- 

tic  effect  induced  by  nonlinearities  of  the  quartz 
crystal. 

Both  effects  can  be  considered  as  a  bias  applied  on  the 
crystal  substrate  which  modifies  the  second  order  elas¬ 
tic  constants.  In  a  natural  state  coordinate  system^ ^ 
the  nonlinear  propagation  equation  is  written 


*’0  '^i,tt  *  ^^ikjrn  ^j,m\k 


(41) 


where  p-  is  the  specific  mass  and  u^  the  displacement 
due  to  the  high  frequency  vibrations. 
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The  boundary  conditiona  corresponding  to  a  stress  free 
surface  are 


A  I  are  the  modified  elastic  constants, 
ik  jm  ’ 


^ikjm  ■  ^ikjm  ^ikjm 


The  comparison  between  the  results  of  the  two  models 
allows  to  the  following  remarks. 

The  two-dimensional  model  gives  values  of  a  coefficient 
weak  compared  with  the  ones  obtained  from  the  one- 
dimensional  model.  The  shifts  of  the  turnover  point 
which  would  be  induced  by  a"  values  obtained  in  the  one- 
dimensional  model  are  not  in  accordance  with  ,.he  expe¬ 
rimental  temperature-frequency  curves  in  which  any 
detectable  shift  was  observed. 


and 


ikjm 


6  .t, 
ij  km 


U  C,  .  +  U  .  C,  +  S  C  ,  . 
i,p  kpmj  j,q  kimq  uv  ikjmuv 


^“C,kjm^ikjm®^>'2,t) 


(44) 


For  this  reason  the  two-dimensional  model  seems  more 
realistic.  Note  that  dynamic  coefficient  a  is  generally 
lower  in  the  two-dimensional  model.  This  is  due  to  the 
thermoelastic  problem  which  is  of  different  type  in  the 
two  cases  ;  plane  stress  in  one  hand  and  strains  non 
zero  only  in  the  cross  section  in  other  hand. 


tkm>  Suv  and  are  respectively  the  thermodynamic 

tensions,  the  deformations  and  the  displacement  gra¬ 
dients  induced  by  the  temperature.  fun¬ 

damental  temperature  elastic  coefficients. 

Since  the  temperature  distribution  is  proportional 
partly  to  ‘f(t)  and  partly  to  the  time  derivative  ^Ct) 
(see  Eq.(11))the  perturbation  terms  have  two 

parts 

^ikjm  ■  ^ikjrn  ®(t)  +  $(t)  (43) 

Relative  frequency  shifts  Au/uq  are  calculated  res¬ 
pectively  for  $(t)  and  i(t)  contributions  ;  therefore, 
coefficients  a  and  'a  are  introduced  as 

_] —  ^  =  a  and  j-! —  —  z  a  (46) 

®(t)  OJp  $(t)  Ug 

Then,  when  a  SAW  oscillator  is  submitted  to  temperature 
variations,  such  as  fast  fluctuations  of  temperature 
^(t)  superimposed  on  slow  temperature  changes  T,  rela¬ 
tive  frequency  shifts  are  written 

—  =  a  (T-T  )+b  (T-T  )^4C  (T-T  )^+a«(t)  +ai(t)(47) 
0  0  0  0  0  0 
“o 

where  ag,  bg  and  Cg  are  respectively  the  first,  second 
and  third  order  temperature  coefficients  of  the  fre¬ 
quency  calculated  (or  measured)  in  the  case  of  static 
thermal  behavior  and  Tg  is  the  reference  temperature. 

Some  comments  about  the  meaning  of  the  coefficients 
appearing  in  Eq.  (47)  may  be  given  : 

-  coefficients  ag,  bg,  Cg  describe  the  thermal  behavior 
of  the  quartz  when  it  experiences  a  homogeneous  tempe¬ 
rature  variation  T. 

-  a-coeff icient  determines  the  frequency  change  resul¬ 
ting  from  a  local  temperature  perturbation  <t  which 
could  be  time-dependent  or  time- independent.  This  local 
temperature  perturbation  induces  an  inhomogeneous  tem¬ 
perature  repartition  followed  by  stresses  and  strains. 
Tins  leads  to  modifications  in  the  static  frequency 
temperature  characteristics.  For  instance,  there  will 
be  a  shift  of  the  turnover  point. 

-  a-coeff icient  is  related  to  the  time  rate  of  change 
of  the  perturbation  and  its  effect  vanishes  when  afore 
mentioned  rates  become  negligible.  It  is  called  dynamic 
thermal  coefficient. 

Coefficients  a  and  a  have  been  evaluated  in  the  one- 
dimensional  model  and  in  the  two-dimensional  model  with 
lower  face  heating.  The  results  are  shown  in  Table  I 
and  II  when  the  normalized  transfer  coefficient  Hh  is 
equal  to  30. 


Theoretical  cyclings  of  the  temperature  have  been  per¬ 
formed  for  some  time  rates  of  changes  of  the  tempera¬ 
ture. 

Fig.  7  shows  a  sinnulation  around  the  turnover  point  for 
several  temperature  variation  velocities.  The  thermal 
behavior  of  ST  cut,  X  propagtion  is  governed  by  the 
following  relation  taking  into  account  both  static  and 
dynamic  effects 

—  =  -J9.6x10-®(T-T  )^  +  38.3xl(T^2(y_^  ^3 

f  O  0 

+  0.067  10*®  4>(t)  -  0.09x10'^  *(t) 

Although  the  previous  two-dimensional  stress  calcula¬ 
tions  are  not  adequate  for  doubly-rotated  cuts,  we 
still  assume  that  coupling  between  extension  and 
flexure  is  negligible  and  that  calculations  hold  for 
the  FST  cut  (»  =  6  °  20' ,  0  =  -41  °  50' ,  ?  =  26  °  ),  Cor¬ 
responding  results  of  sensitivities  are  presented  in 
Table  III.  Values  obtained  are  comparable  to  the 
singly-rotated  ones. 

On  an  experimental  point  of  view,  few  experimental 
results  on  dynamic  thermal  effects  have  been  made.  An 
experiment  performed  on  AT  cut  indicates  that  a  is 
lower  than  1  ps/K,  ST  and  FST  are  respectively  4  ps/K 
and  .1  ps/K.  Therefore  the  experimental  dynamic  tempe¬ 
rature  coefficients  are  larger  than  the  calculations. 

In  fact,  in  the  experiments,  there  is  in  addition  the 
influence  of  the  mountings  of  the  plate  which  induce 
constraints  on  the  plate  ;  these  forces  will  be  respon¬ 
sible  also  of  frequency  variations.  This  effect  was  not 
taken  into  account  in  this  model  since  it  corresponds 
to  a  free  extension  plate.  The  mounting  effects  will  be 
strongly  dependent  on  the  mountings,  as  it  was  pre¬ 
viously  observed  with  the  g-sensitivity  of  SAW  devices. 
Thus,  it  IS  desirable  to  study  the  influence  of  the 
support  on  the  dynamic  thermal  behavior. 
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cut 

Y,X  AT,X  ST,X 

a  (ppm/K) 

1.7  1.6  0.20 

a  (ps/K) 

-0.52  <10-^  0.48 

Table  I 

Sensitivities  in  the  one-dimensional  model 
Hh  =  50 


cut 

Y,X  AT,X  ST,X 

a  (ppm/K) 

0.09  0.06  0.067 

a  (ps/K) 

-0.11  -0.10  -0.09 

cut 

FST 

a  (ppm/K) 

0.17 

a  (ps/K) 

0.06 

Table  III 

Sensitivities  in  the  two-dimensional  model  for  FST-cut 
Hh  :  50 


Fig.  1  :  Schematic  diagram  of  the  crystal  plate 


f 2  ;  One-dimensional  diagram  of  the  plate  heating 
at  X2  =  -h.  Heat  transfer  occurs  at  X2  =  +h 


F iq,  3  ;  Two-dimensional  diagram  of  the  plate  heating 
on  the  lower  face.  Heat  transfer  occurs  at  the  three 
other  faces 


Table  II 

Sensitivities  in  the  two-dimensional  model 
Hh  :  50 
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:  Temperature  variations  of  9$  and  9$  along  the 
plate  length  for  some  values  of  the  depth 

z  -0.5  mm,  (b)  xj  z  0  mm,  (c)  X2  =  0.5  mm 
Transfer  Hh  z  500  Y-cut 

i  =  1  cm 
h  z  1  rnm 


F ig.  5  :  Temperature  variations  of  9$  and  9$  along  the 
plate  depth  for  some  values  along  the  length 
(a)  xi  z  9  mm,  (b)  xj  z  8  mm,  (c)  xi  z  7  mm 
Transfer  Hh  z  500  Y-cut 

I  z  1  cm 
h  z  1  mm 


Fig.  7  :  Thermal  cyclings  for  different  time  rates  v  of 
change  of  the  temperature  for  ST -cut 
(a)  V  r  1.B  K/mn,  (b)  v  z  3.6  K/mn,  (c)  v  z  5.4  K/mn 
Reference  temperature  Tn  =  25  °C 
Thermal  variation  AT  z  I^C  ST-cut 


38th  Annual  Frequency  Control  Symposium  ■  1984 


TRANSIENT  THERMAL  RESPONSE  OF  SURFACE 
ACOUSTIC  WAVE  RESONATORS 


Bikash  K.  Sinha 


Schlumberger-Doli  Research 
P.  O.  Box  307 
Ridgefield,  CT  06877 


ABSTRACT 

The  transient  thermal  response  of  quartz  resonators  is 
an  important  contributing  factor  to  the  medium  term 
frequency  stability  of  these  devices.  Even  when  the  quartz 
resonator  is  ovenized  to  operate  near  its  turnover 
temperature  in  order  to  achieve  maximum  frequency 
stability,  small  thermal  transients,  temperature  excursions 
and  cyclings  are  not  completely  avoided.  The  resulting 
temporal  temperature  gradients  in  the  quartz  resonator 
plate  produce  frequency  excursions  which  limit  the 
performance  of  such  high  precision  devices.  The  surface 
acoustic  wave  (SAW)  resonators  are  generally  fabricated  on 
rectangular  or  circular  plates.  The  devices  are  packaged  and 
vacuum  sealed  in  various  types  of  enclosures  which 
significantly  affect  the  heat  transfer  characteristics  of  the 
device.  In  any  event,  the  interaction  of  straight-crested 
surface  waves  with  temperature  gradients  parallel  as  well  as 
normal  to  the  propagation  direction  are  the  two  major 
causes  of  transient  frequency  excursions  in  SAW 
resonators. 

Various  steps  in  the  analysis  of  transient  thermal 
response  of  SAW  resonators  consist  of  first  obtaining  the 
temperature  distribution  in  the  quartz  plate  from  the 
uncoupled  heat  conduction  equation  subject  to  appropriate 
initial  and  boundary  conditions.  This  information  is 
employed  in  the  equations  of  static  linear  thermoelasticity 
which  provides  the  time-dependent  thermally  induced 
biasing  state.  The  temporal  frequency  excursions  in  SAW 
resonators  are  then  obtained  from  a  previously  reported 
equation  for  the  perturbation  of  the  eigenfrequency  due  to 
a  bias.  Computational  results  have  been  obtained  for 
several  orientations  of  quartz  plates  subject  to  various 
temperature  inputs.  In  particular,  the  dynamic  temperature 
coefficient  of  frequency  for  SAW  resonators  have  been 
obtained  from  the  results  for  unit  temperature  ramps 
applied  to  the  exposed  surfaces.  Good  agreement  has  been 
obtained  between  the  theoretical  and  experimental  data  on 
transient  thermal  tests  on  a  SAW  device  subjected  to  an 
exponential  rise  in  the  external  surface  temperature. 

I.  INTRODUCTION 

When  a  Surface  Acoustic  Wave  (SAW)  device  is  subject 
to  a  temporal  temperature  disturbance,  the  interaction  of 
surface  waves  with  temperature  gradients  in  the  propagating 
medium  results  in  a  time-dependent  perturbation  of  the 
natural  velocity  of  surface  waves.  Such  a  fractional  change 
in  the  velocity  of  surface  waves  is  manifested  in  a  fractional 
change  in  the  time  delay  between  two  observation  points  or 
frequency  of  the  SAW  resonator.  Thus  transient 
temperature  distributions  in  the  propagating  medium  cause 
the  frequency  of  the  quartz  resonator  to  drift  in  time  until 
the  new  thermal  equilibrium  state  is  reached. 

A  knowledge  of  transient  thermal  response  of  quartz 
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resonators  plays  an  important  role  in  the  design  of  high 
precision  quartz  oscillators.  Recent  studies  have  shown  [1- 
3J  that  the  medium  term  frequency  stability  of  quartz 
crystal  stabilized  oscillators  for  measurement  times  ranging 
from  Q/f  (Q  and  f  being  the  loaded  quality  factor  and 
frequency,  respectively)  to  several  hours  depends  largely  on 
two  factors.  The  first  factor  is  described  by  the  flicker  noise 
whose  origin  is  not  very  well  understood,  but  the  level  is 
generally  related  to  the  quality  factor  Q.  The  other  factor  is 
characterized  by  the  transient  thermal  response  of  the 
resonator  due  to  temperature  fluctuations  of  the 
environment.  Even  when  the  quartz  resonator  is  ovenized 
to  operate  near  its  turnover  temperature  in  order  to  achieve 
maximum  frequency  stability,  thermal  transients, 
temperature  cyclings  and  fluctuations  are  not  completely 
avoided  [2).  Some  work  on  the  response  of  SAW  devices 
to  thermal  radiation  [5,61  and  sinusoidal  thermal 
disturbance  has  been  reported  for  a  few  specialized  cases 
(7). 

fn  this  paper  we  describe  the  analysis  of  transient 
thermal  response  of  SAW  devices  subject  to  various 
temperature  inputs  to  the  bounding  surfaces.  Various  steps 
in  the  analysis  of  transient  thermal  response  of  SAW 
devices  consist  of  first  obtaining  the  temperature 
distribution  in  the  quartz  plate  from  the  uncoupled  heat 
conduction  equation  subject  to  appropriate  initial  and 
boundary  conditions.  Since  the  heat  conduction  is 
sufficiently  slow  compared  to  the  velocity  of  elastic  waves, 
the  mechanical  inertia  term  can  be  neglected  in  the  stress 
equations  of  motion,  thereby  reducing  them  to  quasi-static 
stress  equations  of  equilibrium.  Consequently,  the  lime 
dependent  thermally  induced  biasing  state  is  determined 
from  the  equations  of  static,  linear  thermoelasticity  for  the 
unplated  SAW  substrate.  The  time-dependent  change  in 
resonant  frequency  resulting  from  the  thermally  induced 
biasing  state  is  determined  from  an  equation  for  the 
perturbation  of  the  eigenfrequency  due  to  a  bias  [8-111. 
We  have  considered  temperature  gradients  both  along  as 
well  as  normal  to  the  direction  of  propagation  of  surface 
waves.  The  former  situation  arises  when  the  sides  of  the 
plate  are  subjected  to  a  temperature  input  and  one- 
dimensional  heat  conduction  along  the  length  of  the  plate  is 
considered.  When  the  sides  are  subject  to  identical 

temperature  inputs,  we  obtain  a  symmetrical  temperature 

distribution  about  the  center  of  plate.  Under  these 

circumstances,  a  SAW  device  placed  symmetrically  at  the 
center,  will  exhibit  minimal  dispersion  than  a  device  placed 
asymmetrically  for  the  same  temperature  inputs.  However, 
when  the  outer  surface  of  the  substrate  (plate)  is  subject  to 
various  temperature  inputs  and  the  inner  surface  is  in 
vacuum,  the  normal  temperature  gradient  at  the  inner 
surface  is  always  zero.  Under  these  circumstances,  surface 
waves  propagating  on  the  inner  surface  is  generally 

nondispersive  unless  the  wavelength  is  large  enough  to 
allow  the  interaction  of  surface  waves  with  the  normal 
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temperature  gradients. 

Since  a  dominant  mode  of  heat  transfer  from  the 
external  environment  to  the  SAW  device  is  through  heat 
conduction  along  the  thickness  of  the  plate,  we  have 
considered  various  temperature  inputs  to  the  external  plate 
surface  and  studied  the  interaction  of  resulting  temperature 
gradients  with  the  surface  waves  propagating  on  the  internal 
surface.  Computational  results  for  the  fractional  change  in 
the  time  delay  of  surface  waves  between  two  observation 
points  have  been  obtained  as  a  function  of  time.  It  has 
been  observed  that  dynamic  frequency  transients  (or 
spikes)  in  SAW  resonators  are  observed  only  at  and  around 
turnover  temperatures  where  the  first  order,  static 
temperature  coefficient  of  delay  is  zero.  Generally,  the 
magnitude  of  frequency  undershoot  or  overshoot  is  on  the 
order  of  1  to  100  parts  per  billion  (ppb)  per  degree  C  for 
sharp  temperature  inputs.  Away  from  the  turnover 
temperatures,  the  dynamic  frequency  response  of  SAW 
resonators  exhibits  a  monotonic  characteristic  from  the 
initial  equilibrium  state  to  the  final  equilibrium  state.  The 
stabilization  time  is  governed  by  the  thermal  time  constant 
of  the  plate.  We  have  also  modeled  a  thermal  transient 
experiment  on  a  flat  plate  SAW  resonator  [12].  It  consists 
of  a  SAW  resonator  fabricated  on  a  flat  plate  of  thickness 
1mm  which  has  a  flat-pack  quartz  enclosure,  hermetically 
sealed  in  vacuum.  The  SAW  device  was  taken  from  the 
room  temperature  to  an  oil  bath  at  a  temperature  of  about 
12  degrees  C  higher  than  the  room  temperature.  The 
outside  surface  temperature  of  the  SAW  device  was 
measured  with  a  thermistor  as  a  function  of  time  along  with 
the  frequency  output  from  the  SAW  oscillator.  The  outside 
surface  temperature  exhibited  approximately  an  exponential 
rise  which  provided  the  temperature  input  to  the  heat 
conduction  equation.  Good  agreement  has  been  obtained 
between  the  computational  results  and  measured  SAW 
oscillator  frequency  response.  Some  of  the  discrepancy 
between  the  theoretical  and  experimental  results  may  be 
due  to  an  uncertainty  in  the  temperature  values  as 
measured  by  the  thermistor  which  has  claimed  accuracy  of 
plus  or  minus  0.1  degree  C  and  the  assumed  exponential 
rise  in  the  external  surface  temperature. 

II.  TEMPERATURE  INDUCED  TRANSIENT 
FREQUENCY  SHIFTS  IN  SAW  RESONATORS 

When  a  surface  acoustic  wave  delay  line  or  resonator  is 
subject  to  a  rapid  change  in  the  temperature,  the  substrate 
(plate)  undergoes  a  time  dependent,  inhomogeneous 
temperature  distribution  which  causes  the  resonant 
frequency  to  drift  in  time  until  the  new  thermal  equilibrium 
state  is  reached.  Since  the  fractional  change  in  the  resonant 
frequency  is  simply  given  by  the  negative  of  the  fractional 
change  in  the  time  delay,  and  it  has  been  shown  [9,10]  that 
when  the  equations  of  motion  for  small  dynamic  fields 
superposed  on  a  bias  are  referred  to  the  reference  (or 
deformed)  coordinates  and  natural  velocity  is  employed  in 
the  description,  the  fractional  change  in  the  time  delay  is 
given  by 
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AV  =  V  -  ,  (2.2) 


where  is  the  perturbation  integral,  f  is  the  wavenumber 
in  the  unperturbed  state,  and  V  are  the  natural 
velocities  of  surface  waves  in  the  unperturbed  and 
perturbed  states,  respectively. 


A  general  form  of  the  perturbation  integral  for  the 
calculation  of  fractional  change  in  the  time  delay  for  surface 
waves  due  to  a  biasing  state  may  be  given  by 

Hn,  =  /  NLjK.'^g;^  -  Kl’^^g.jds+f  L  ,(2.3) 
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where  and  ,  respectively,  are  the  linear  and 
nonlinear  portions  of  the  Piola-Kirchhoflf  stress  tensor  and 
are  defined  by 

^LyMttSa.M  ,  (2.4) 

^Ly  ^^LyMa  ^^LyMa^Sa.M  (2.5) 

In  Eq.  (2.3),  Nl  is  the  outward  drawn  unit  normal  to  the 
bounding  surface  Sq  of  the  volume  Vq.  The  normalized 
eigensolution  of  surface  waves  has  the  form 

u  ^ 

&y™  =  >  N2  =  J*pou;’u;’dVo  .  (2.6) 
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The  boundary  conditions  at  a  traction  free  surface  under  a 
bias  are  given  by 

NtKuy  =  NL(K[,-bKC^)  =  0  .  (2.7) 

Moreover,  the  normalized  eigensolution  in  the  unperturbed 
state  satisfies  the  boundary  conditions 

NlK[™  =  0  .  (2.8) 

Substitution  of  Eqs.  (2.7)  and  (2.8)  into  (2.3)  yields 

H,.  =  -  /NLKf^.Lgy^’dso  +  /Kfy.Lgy^’dvo  .  (2.9) 
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When  referred  to  the  coordinate  system  shown  in  Fig.  1, 
the  perturbation  integral  for  inhomogeneous  biasing  field  in 
the  sagittal  (X,— X2)  plane  of  surface  waves  takes  the  form 

NX 

Hn,=  f  (Kf.gr  +  Kjjgf 

-MX 

+  Kftgf  )|,^_,dx, 
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+  /  dx  Jdxj  (Kf,,,  -f  Kf,,2)gr 

-MX  0 

+  (Kf:,,  +  Kft,2)gf  +  (Kf3,,  -h  Kfo,2)gf  ]  ,  (2.10) 

where  MX  and  NX  define  the  path  length  in  multiples  of 
the  wavelength  X  and  the  nonlinear  components  of  the 
Piola-Kirchhoflf  stress  tensor  are  defined  in  Eq.  (2.5). 
The  quantities  Cl^Mo  atud  Acl^Mo  respectively,  in  Eq.  (2.5) 
are  defined  by 

^LyMa  “  ^LM^ya  +  CLyMaAflEAB 


Therefore,  the  time-dependent  change  in  the  resonant 
frequency  can  be  obtained  from  a  perturbation  equation 
[9,10]  which  has  the  form 
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(2.11) 


dc. 


- - ^^[T(X,,X,t)-To]  .  (2.12) 


In  Eq.  (2.11),  Tlv,,E|b  and  w^,  p  are  the  biasing  stress. 


strain  and  displacement  gradient  components,  respectively. 
The  quantities  CppM,,  and  Cl^Mu.ab  ^^e  the  second  and  third 

order  elastic  constants,  respectively. 


dc. 
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are  the 


temperature  derivatives  of  the  second  order  elastic  constant 
[13],  and  T  (Xj  t)  is  the  temperature  distribution  at  the 
current  time  t.  As  stated  in  the  Introduction,  the  biasing 
deformation  state  is  obtained  from  the  static  equations  of 
linear  thermoelasticity.  The  thermal  stress-strain  and 
strain-displacement  gradient  relations,  respectively,  are 
given  by 


^LM  "  ‘^LMKnEkN  ^LM  Tp]  ,  (2.13) 


and 

Elis  =  +W^  ^.)  ,  (2.14) 


where  are  thermoelastic  constants,  T  and  T^  are 
temperature  distributions  in  the  propagating  medium  in  the 
current  and  reference  configurations,  respectively.  Since  we 
are  dealing  with  the  perturbation  equations  for  small 
dynamic  fields  superimposed  on  a  bias,  the  deformation  of 
a  material  body  is  given  by 

y(XL,t)  =  X  +  w(Xl)  +  u(XL,t)  ,  (2.15) 

where  y  is  the  position  vector  of  a  material  point  in  the 
present  position  at  time  t  which  occupied  the  position  X  in 
the  reference  state.  The  quantities  w  and  u  are  the 
temperature  induced  biasing  displacement  and  surface  wave 
displacement  vectors,  respectively. 


Substitution  of  Eqs.  (2.11)  and  (2.12)  into  (2.4)  and  (2.5), 
and  finally  into  (2.10)  yields  the  following  expression  for 
the  perturbation  integral 

X 

+  (C22Qa  +  AC22Qa)g„"lQgr 

+  (C23Q„  + 

+  +  Ac„Q„g™Q, 

(C21Qag<?^Q^2  ^‘^21Qag^^Q2l8r 

■E  !(c,2Qag™Q)j  +  '^Cl2Qog^^Ql 
■E  (C22Qag™Q),2  +  ^‘^22Qa8^Q2)82"' 

+  l(Cl3Qag^Q),l  +  -^CuQ^g^^Q, 


■E  ^C23Q„g™Q)  2  E-  AC23Qag,I^Q2lgj"l  ■  (2.15) 

Thus  the  temperature  dependence  of  the  resonant 
frequency  of  SAW  devices  can  be  computed  Irom  the 
aforementioned  perturbation  Eq.  (2.2)  provided  the  thermal 
deformation  field  in  the  quartz  substrate,  the  surface  wave 
mode  shape  and  the  first  temperature  derivatives  of  the 
fundamental  elastic  constants  of  quartz  are  known. 


III.  HEAT  CONDUCTION 

A  one-dimensional  heat  conduction  equation  along  the 


thickness  direction  is  given  by 


dT 

dt 


(3.1) 


where  /<22  ‘s  lEe  thermal  diffusivity  along  the  thickness 
direction  X2  ,  T  is  the  temperature  and  t  is  time. 


The  boundary  conditions  are 


QT 

8X2 


=  0  , 


(3.2) 


for  no  flow  of  heat  at  X2  =  0,  and  the  other  surface  X2=h, 
can  be  subjected  to  various  temperature  inputs. 


Case  1:  Step  Rise  in  the  External  Surface  Temperature 


When  a  plate  is  subject  to  a  step  change  in  temperature  at 
the  face  X2  =  h,  with  the  other  face  X2  =  0  exposed  to 
vacuum,  the  temperature  distribution  across  the  plate  is 
given  by  [14] 

T  =  T-(-4  2  exp[-K22(2n-l-l)^7r2t/4h^] 
n=0 


■  Lt!'  (T-To)cos[(2n-H)irX2/2h]  ,  (3.3) 
(2n-l-l)7r  "  ^ 

where  Tg  and  T  are  the  initial  and  final  temperatures, 
respectively. 

Case  ll:  Exponential  Rise  in  the  External  Surface  Temperature 


For  the  case  when  the  surface  X2  =  h,  is  exposed  to  an 
exponential  rise  in  temperature  given  by 

T  =  T(l-e-^')  ,  (3.4) 

the  temperature  distribution  across  the  plate  takes  the  form 
[14] 

,.  T(X2.t)-To  ^  ^  COS(^/k22)'^^X2 

T-Tg  cos()3/K22)'^h 


-t- 


n=0 


(-1)"-^' 

(2n-l-l) 


(3.5) 


exp[-K22rnt]c0STnX2 

where 

_  (2n-H)7r 
“  2h 


(3.6) 


Case  HI:  Linear  Rise  in  the  External  Surface  Temperature. 

When  a  plate  is  subject  to  a  linear  rise  in  temperature  at  the 
face  X2=h,  given  by 

ATs  -  (AT)t  ,  for  t  >  0  ,  (3.7) 

where  AT  is  the  time  rate  of  increase  in  the  surface 
temperature,  the  temperature  distribution  across  the 
substrate  (or  plate)  thickness  takes  the  form  [14] 

AT(X2,t)  -  AT[(t  -  hV2K22)  +  X^/2k22 
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+  ^ ~  V  exp[-K,2Tnt].  cosT^Xj]  ,  (3.8) 

where  is  defined  by  Eq.  (3.6).  In  Eq.  (3.8),  K22  and  h 
are  the  thermal  diffusivity  along  the  thickness  direction  and 
plate  (substrate)  thickness,  respectively. 

When  one-dimensional  heat  conduction  along  the  length  of 
the  plate  (X, -direction)  is  considered,  the  resulting 
temperature  distribution  is  parallel  to  the  surface  wave 
propagation  direction.  Assuming  that  the  plate  is  subject  to 
a  linear  rise  in  temperature  at  the  faces  Xi  =  ±/,  as  given  by 
Eq.  (3.7),  the  temperature  distribution  along  the  plate  is 
symmetric  about  X|=0,  and  has  the  form  shown  in  Eq. 
(3.8)  provided  we  replace  X2,h  and  K22  by  X),/  and  kh, 
respectively. 

IV.  TEMPERATURE  INDUCED  BIASING  STATE 

The  thermal  biasing  state  of  the  substrate  is  governed  by 
the  stress  equations  of  equilibrium  which  may  be  written  in 
the  form 

Ti!m.l  =  0-  (4.1) 

The  constitutive  relations  for  a  thermoelastic  solid  is 
reproduced  here  from  Eq.  (2.13)  and  has  the  form 

Tlm  ^  ‘^lmkn^'Kn  “  i’Lv|AT(Xj,t)  ,  (4.2) 

where  Clmkn  are  the  second-order  elastic  constants,  T/.^^ 
and  Ek.s  are  the  biasing  stresses  and  strains,  respectively. 
The  thermoelastic  constants  are  defined  by 

t'LM  “  Clmpq“pq  >  (4-3) 

where  opg  are  the  coefficients  of  thermal  expansion,  and 
AT  is  the  spatial  and  temporal  change  in  temperature. 
Since  the  outside  edges  as  well  as  major  surfaces  of  the 
plate  are  traction  free  we  have 

NlT^m  =  0  -  (4.4) 

where  Nl  denotes  the  unit  normal  to  all  surfaces  of  the 
plate  at  the  reference  temperature  Tg. 

For  a  stress-free  state  resulting  from  a  temperature  change 
we  have  from  Eqs.  (4.1)  and  (4.4), 

T/m  =  0  :  (4.5) 

which  satisfies  the  stress  equations  of  equilibrium  trivially 
and  the  biasing  strains  are  thus  given  by 

'  AT  =  T  -  Tg  .  (4.6) 

Since  the  temporal  temperature  distribution  is  known  from 
Sec.  11,  we  can  solve  for  the  corresponding  biasing  strains 
from  Eq.  (4.5).  It  should  now  be  carefully  noted  that  in 
the  case  of  the  unelectroded  plate,  the  temperature  induced 
deformation  results  in  time-dependent  inhomogeneous 

strains  E|^f^  along  with  associated  rotations  Dkn,  which  are 
given  by 

(^KN  y('*’N,K  ~  "'k.n)  '  (4.7) 

where  w^ are  the  displacement  gradient  components. 
However,  all  variables  are  functions  of  the  X2-coordinate 
only,  and  it  has  been  shown  that  the  change  in  frequency 
due  to  a  homogeneous  infinitesimal  rigid  rotation  vanishes, 
we  can  therefore,  obtain  the  three-dimensional  rotation 
field  by  requiring  that  the  three-dimensional  rotation 


gradient-strain  gradient  relations  [15-17] 

(^KL,M  =  Eml,k  ~  L  '  (4.8) 

be  satisfied.  Thus  we  have  from  Eq.  (4.8) 

n,'j=0,  ftj,  =E2'„  ft2‘3  =  E2'3  ^  (4.9) 

and  the  displacement  gradient  components  take  the  form 

Wa.b  =  EAb.  Wa,2  =  2E2\,  (4.10) 

W2.A  =  0-  W2,2  =  E2'2  . 

The  substitution  of  Eq.  (4.6)  with  (4.10)  and  (4.5)  y^ields 
^LyM/i  Eq.  (2.11)  as  a  known  linear  function  of  (T-Tg) 
for  the  unelectroded  plate.  Thus,  the  temperature 
distribution  in  the  substrate  (plate)  can  be  employed  in  the 
static  equations  of  thermoelasticity  to  obtain  temporal 
deformation  state  of  the  propagating  medium. 

V.  COMPUTATIONAL  AND  EXPERIMENTAL 
RESULTS  FOR  SURFACE  ACOUSTIC 
WAVE  (SAW)  DEVICES 

Before  the  transient  temperature  induced  frequency 
shifts  in  SAW  devices  can  be  computed,  one  needs  to 
determine  the  eigensolution  for  surface  waves  in  a 
piezoelectric  substrate  of  a  given  orientation  and 
propagation  direction.  The  solution  for  surface  waves 
propagating  in  arbitrarily  anisotropic,  piezoelectric 
substrates  satisfies  the  differential  equations  of  motion  and 
boundary  conditions  of  linear  piezoelectricity  and  may  be 
written  in  the  form  [18,19] 

(Uj,d>)  =  X(=^"^’(A/"'’<A4*"'’)exp(i/J„fX2)  (5.1) 

m»  J 

exp[if (X,-Vt)]  , 

where  uj  and  0  are  the  complex  representation  of  the  real 
mechanical  displacement  and  electric  potential,  respectively, 
for  propagation  in  the  direction  Xj  with  X2  normal  to  the 
surface  as  shown  in  Fig.  1,  The  quantities  Aj'"’*, 

A4"'’  and  are  determined  numerically  for  traction-free 
mechanical  and  open-circuit  electrical  boundary  conditions. 
The  normalized  unperturbed  surface  wave  eigensolution  for 
the  perturbation  equation  is  obtained  from  Eqs.  (2.6)  and 
(5.1).  The  normalization  integral  in  Eq.  (2.6)  takes  the 
form 


N2  =  P  J  dX2  /  UjUjdXi, 

0  -w/( 


4  4  C^''’’A*'’’*C*"**A*'’** 

Z  Z  - - - -  <(5.2) 

„,r,  (j3„-)3*) 


where  the  *  denotes  complex  conjugate  and  N^  is,  of 
course,  real. 
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Calculations  have  been  performed  using  the  known 
values  of  the  second  order  elastic,  piezoelectric  and 
dielectric  constants  of  quartz  [20],  the  third  order  elastic 
[21],  and  thermoelastic  constants  of  quartz  [22,23],  thermal 
conductivity  constants  [24],  and  the  recently  obtained 
temperature  derivatives  of  the  fundamental  elastic  constants 
of  quartz  [13].  Computational  results  have  been  obtained 
for  the  time  dependent,  fractional  change  in  the  time  delay 
of  surface  waves  due  to  its  interactions  with  the  temporal 
temperature  gradients  in  the  propagating  medium. 

We  have  considered  two  cases  of  temperature  gradients; 
normal  as  well  as  parallel  to  the  propagation  direction.  In 
particular,  results  have  been  obtained  for  a  step  rise, 
exponential  rise  and  linear  rise  in  temperature  of  the 
external  surface  of  the  plate  (substrate)  while  the  internal 
surface  is  encapsulated  in  vacuum.  Figures  2  and  3 
illustrate  the  transient  response  to  a  step  change  in  the 
external  surface  temperature  of  SAW  devices  with 
orientations  which  possess  turnover  temperatures  slightly 
above  and  at  the  reference  (room)  temperature, 
respectively.  It  is  interesting  to  note  that  the  dynamic 
response  of  the  device  with  the  turnover  temperature  away 
from  the  reference  temperature  exhibits  a  monotonic 
behavior  from  the  initial  to  final  equilibrium  states,  and  the 
stabilization  time  is  governed  by  the  thermal  time  constant 
of  the  device.  However,  for  orientations  whose  turnover 
temperatures  coincide  with  the  reference  temperature,  the 
transient  response  of  such  devices  exhibits  "undershoots"  or 
"overshoots"  in  the  frequency  output  before  relaxing  to  the 
final  equilibrium  state. 

When  the  external  surface  of  a  SAW  device  substrate  is 
subject  to  an  exponential  rise  in  temperature,  the  dynamic 
frequency  output  of  the  device  qualitatively  follows  the 
temperature  profile  of  the  externol  surface.  Computational 
results  for  this  case  have  been  compared  with  experimental 
data  for  a  device  whose  sta,.c  frequency-temperature 
characteristic  is  shown  in  Figure  4.  A  schematic  diagram  of 
the  device  is  shown  in  Figure  5.  It  consists  of  a  "sandwich- 
type"  of  structure  formed  by  two  thin  plates  of  thickness 
approximately  1  mm  each  and  width  and  length  of 
approximately  13  and  15  mm,  respectively.  Experimental 
data  have  been  obtained  from  this  device  on  immersing  it 
into  an  oil  bath  which  was  approximately  12°  C  higher  than 
the  room  temperature.  The  temperature  of  the  external 
surface  was  measured  with  a  thermistor  as  a  function  of 
time.  The  measured  external  surface  temperature  rise 
curve  is  shown  in  Figure  6  along  with  a  theoretical  curve 
which  is  described  by  Eq.  (3.5)  with  /3  approximately  equal 
to  0.07  sec~'.  This  theoretical  curve  for  the  external 
surface  temperature  rise  serves  as  the  input  to  the 
theoretical  model  as  described  in  Sec  III.  The  time- 
dependent,  fractional  change  in  the  harmonic  frequency  can 
be  computed  from  Eq.  (5.3)  shown  below. 

-y  =  H,  .  AT(t)/2|2v2  +  A2[AT(t)]2  ,  (5,3) 

where 

H,  =  -  HjAT(t)  ,  (5,4) 

and  AT(t)  is  the  time-dependent  change  in  the  internal 
surface  temperature  obtained  from  the  solution  of  the  heat 
conduction  equation.  It  should  be  noted  that  as  the  elapsed 
time  t  becomes  large,  the  fractional  change  in  the  harmonic 
frequency  takes  the  familiar  form 


—  =  A|AT -f  AjlAT)^  ,  (5.5) 

where  A,  and  A^  are  the  first  and  second  order  static 
temperature  coefficients  of  frequency.  A  comparison  of  the 
experimental  and  theoretical  dynamic  thermal  response  of 
this  device  is  shown  in  Figure  7.  Good  agreement  has  been 
obiTined  between  the  predicted  and  measured  values  of  the 
SAW  oscillator  frequency  output. 

Nex  we  describe  the  results  for  the  fractional  change  in 
the  time  delay  of  surface  waves  due  to  time-dependent 
longitudinal  temperature  gradients  along  the  direction  of 
propagation  of  waves.  Figure  8  shows  temperature 
distributions  along  the  length  of  a  substrate  of  length  20 
mm  subjected  to  temperature  inputs  of  unit  ramps  at  the 
two  ends.  Results  for  the  fractional  change  in  time  delay  of 
surface  waves  between  two  observation  points 
symmetrically  placed  on  the  substrate  and  subjected  to  unit 
ramps  are  shown  in  Figure  9  for  various  lengths  of  the  plate 
(substrate).  These  curves  are  for  a  harmonic  frequency  of 
100  MHz  and  they  do  not  show  any  sharp  excursions  (or 
spikes)  for  this  orientation  of  the  plate.  It  is  known  that  an 
inhomogeneous  biasing  state  of  the  propagating  medium 
can  produce  dispersion  in  the  surface  wave  propagation. 
We  have  thus  performed  calculations  for  the  fractional 
change  in  the  time  delay  of  surface  waves  of  different 
harmonic  frequencies.  Specifically,  computational  results 
shown  in  Figure  10  are  for  a  path  length  of  200 
wavelengths  in  an  asymmetrically  pla.^ed  delay  line  on  an  a 
rotated  Y-cut  substrate  with  the  rotation  angle  0  of  35.25°. 
Curves  1  through  4  are  results  for  harmonic  frequencies  of 
50,  100,  2000  and  4000  MHz,  respectively.  Clearly,  the 
separation  of  these  curves  are  due  to  dispersion.  However, 
for  large  times  the  slopes  of  these  curves  coincide  with  each 
other  indicating  that  the  propagation  has  become 
nondispersive  after  steady  stale  has  been  established.  The 
slope  of  the  curves  in  Figure  10  is  plotted  as  a  function  of 
time  in  Figure  11,  which  includes  the  behavior  under 
steady  state  conditions. 

Figure  12  shows  temperatures  of  the  external  and 
internal  surfaces  of  a  rotated  Y-cut  plate  (6=41.3401°)  of 
thickness  2  mm.  Curve  1  represents  a  unit  ramp  applied  to 
the  external  surface  and  curve  2  is  the  temperature  of  the 
internal  surface  which  is  encapsulated  in  vacuum.  Curve  2 
is  obtained  from  the  solution  of  the  one-dimensional  heat 
conduction  equation  along  the  thickness  direction.  The 
fractional  change  in  time  delay  of  surface  waves  on  a 
substrate  of  this  temperature  compensated  orientation 
exhibits  an  interesting  behavior  as  shown  in  Figure  13. 
This  is  in  contrast  with  the  results  shown  in  Figure  14 
obtained  for  a  neighboring  orientation  (6-42.75°)  which  is 
not  temperature  compensated  to  the  same  degree. 

In  conclusion,  computational  results  indicate  that 
thermal  transients  or  dynamic  frequency  spikes  are 
observed  only  at  and  around  turnover  temperatures. 
Generally,  the  magnitude  of  dynamic  frequency  undershoot 
or  overshoot  is  on  the  order  of  (Af/fAT  —  )  1  to  100  ppb 
for  1°  C  step  change  in  the  external  surface  temperature. 
Away  from  turnover  temperatures,  the  dynamic  response 
exhibits  a  monotonic  behavior  from  the  initial  to  final 
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equilibrium  states  and  the  stabilization  time  is  governed  by 
the  thermal  time  constant  of  the  device.  Generally, 
temperature  gradients  can  produce  dispersion  in  surface 
wave  propagation.  However,  a  SAW  device  with  large 
thickness/wavelength  ratio  and  placed  symmetrically  in  a 
longitudinal  temperature  gradient  will  exhibit  minimal 
amount  of  dispersion  in  the  transient  state.  Since  a 
dispersive  propagation  of  surface  waves  leads  to  a 
degradation  of  the  resonator  stability,  it  must  be  avoided 
for  increased  stability  of  the  device. 
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THEBMAL  TRANSIENTS  IN  SAW  RESONATORS 
UNDER  A  THERMAL  SHOCK 


Surface  Acoustic  Wave 


Figure  1;  Schematic  diagram  showing  the  free  surface  of  a 
semi-infinite  solid. 


THERMAL  TRANSIENTS  IN  SAW  RESONATORS 
UNDER  A  THERMAL  SHOCK 
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Figure  2:  Time-dependent  fractional  change  in  the  time 
delay  of  surface  waves  on  a  rotated  Y-cut  (0=42.75°)  plate 
whose  external  surface  is  subject  to  a  I°C  step  rise  in 
temperature.  Curves  1  through  6  are  for  plate  thicknesses 
of  1  through  6  mm,  respectively. 
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Figure  3:  Time-dependent  fractional  change  in  the  time 
r*  ’  ,f  surface  waves  on  a  rotated  Y-cut  (0=41.3401°) 
piuic  .hose  external  surface  is  subject  to  a  1°C  step  rise  in 
temperature.  This  nominal  orientation  exhibits  a  turnover 
temperature  coincident  with  the  reference  temperature. 
The  first  order  temperature  coefficient  of  delay  is  0.1 
ppb/degreeC.  The  notation  is  same  as  in  Fig.  2. 

STATIC  FREQUENCY -TEMPERATURE  CHARACTERISTIC 
OF  A  SAW  DEVICE 
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Figure  4:  Static  frequency-temperature  characteristic  of  a 
SAW  device  around  its  turnover  temperature  of 
approximately  42°C.  The  small  squares  represent  the 
experimental  points  and  the  solid  curve  is  the  parabolic  fit. 
The  rotation  angle  0  of  this  device  has  been  estimated  from 
the  first  order  temperature  coefficient  of  frequency  at  the 
room  temperature  and  the  value  of  0  is  38.9°. 
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Figure  5:  Schematic  diagram  of  the  SAW  device  used  in 
the  transient  thermal  test. 


TOTAL  DYNAMIC  THERMAL  RESPONSE 
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Figure  7:  Measured  and  Predicted  Values  of  the  Dynamic 
Thermal  Response  of  the  SAW  device.  The  dots  denote 
the  experimental  data  and  the  solid  curve  represents  the 
theoretical  result. 


EXTERNAL  SURFACE  TEMPERATURE  RISE 
FOR  A  SAW  RESONATOR 
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Figure  6:  External  surface  temperature  rise  for  the  SAW 
device  on  immersing  it  into  an  oil  bath  at  a  temperature  of 
about  12°  C  higher  than  the  room  temperature.  The  dots 
are  the  measured  values  and  the  solid  curve  is  an 
exponential  fit  to  the  data  (/3=0.07sec^' ). 


TEMPERATURE  DISTRIBUTION 
ALONG  THE  SUBSTRATE 
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Figure  8:  Temperature  distribution  along  the  substrate  of 
length  21  =  20mm  subject  to  unit  temperature  ramps  at  the 
two  ends.  Curves  I  through  5  represent  temperature 
distributions  along  the  plate  at  time  intervals  of  2,4, 6,8  and 
10  sec,  respectively,  after  the  ends  are  subjected  to  a  linear 
temperature  rise. 
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FRACTIONAl.  CHAHGB  IN  TIME  DELAY  OP  SURFACE  WAVES 
POR  RAMP  INPUT.NORMAL  TO  ENOS  OF  SUBSTRATE 
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Figure  9:  Time-dependent  fractional  change  in  time  delay 
of  surface  waves  on  a  rotated  Y-cut  (0=42.75°)  plate 
subject  to  unit  ramps  at  its  ends.  Curves  I  through  5  are 
for  lengths  10,20,30,40  and  50  mm,  respectively.  The  path 
length  is  100  wavelengths. 


Figure  11:  The  slope  of  the  curves  shown  in  Fig.  10  is 
plotted  as  a  function  of  time.  The  steady  state  condition  is 
attained  when  the  slope  of  the  curves  becomes  zero. 


FRACTIONAL  CHANGE  IN  TIME  DELAY  OF  SURFACE  WAVES 
FOR  RAMP  INPUT.NORMAL  TO  ENDS  OF  SUBSTRATE 
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Figure  10:  Time-dependent  fractional  change  in  time  delay 
of  surface  waves  on  a  rotated  Y-cut  (0=35.25°)  plate 
subject  to  unit  ramps  at  its  ends.  The  path  length  is  200 
wavelengths,  asymmetrically  measured  from  the  center. 
Curves  1  and  2  are  for  harmonic  frequencies  of  50  and  100 
MHz,  respectively.  Curves  3  and  4  are  for  frequencies  of  2 
and  4  GHz,  respectively,  and  are  indistinguishable  in  this 
plot. 


Figure  12:  Curves  1  and  2  indicate  the  temperature  input 
to  the  external  surface  and  the  computed  temperature  of 
the  internal  surface  of  a  plate  (0—41.3401°)  of  thickness  2 
mm. 
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FRACTIONAL  CHANGE  IN  TIME  DELAY  OF  SURFACE  WAVES 
FOR  RAMP  INPUT.NORMAL  TO  SUBSTRATE 
at 

h  =  (2,3,4,5.e,7)  mm 
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Figure  13:  Fractional  change  in  time  delay  of  surface 
waves  on  a  rotated  Y-cut  (0=41.3401°)  plate  of  various 
thicknesses  subjected  to  a  unit  ramp  temperature  input  to 
the  external  surface.  Curves  1  through  6  are  for 
thicknesses  2  through  7  mm,  respectively. 
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Figure  14:  Fractional  change  in  time  delay  of  surface 
waves  on  a  rotated  Y-cut  (0—42.75°)  plate  of  various 
thicknesses.  The  notation  is  same  as  in  Fig.  13. 
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Summary 

A  process  is  described  which  allows  for  tuning 
SAW  devices  in  oscillator  up  in  frequency.  This 
tuning  is  accomplished  by  voltage-controlled  anodi¬ 
zation  of  an  aluminum  film  in  a  dc  O2  plasma. 
Theoretical  and  experimental  results  are  presented. 
A  discussion  of  the  effects  of  the  trim  pad  on 
device  flicker  noise  is  also  included. 

Introduction 

The  number  of  applications  for  surface  acoustic 
wave  (SAW)  devices  in  stable  UHF  oscillators  is 
growing,  and  in  most  cases  an  accurate  frequency 
setting  is  required.  A  typical  requirement  is  a 
frequency  window  of  ±  10  PPM  which  holds  for  all 
possible  causes  of  frequency  variations,  including 
aging,  temperature  and  settability.  In  such  a  case 
it  is  desirable  to  keep  the  settability  error  as 
small  as  possible  so  as  to  give  the  maximum  range 
for  temperature  and  aging.  Generally,  a  settabil¬ 
ity  on  the  order  of  ±  1  PPM  is  a  reasonable  goal. 

The  initial  fabrication  of  SAW  devices  is 
accurate  in  the  range  of  ±  500  PPM  to  ±  50  PPM 
depending  on  how  much  care  is  exercised  in  the 
fabrication  process.  More  accurate  frequency 
setting  requires  either  an  electronic  adjustment 
of  the  oscillator  frequency  or  a  frequency  trimming 
step  on  the  SAW  device.  The  smaller  the  required 
electronic  adjustment  is,  the  easier  it  is  to 
implement.  Therefore,  several  techniques  for 
frequency  trimming  of  SAW  devices  have  been  de¬ 
veloped.  The  commonly  used  reactive  ion  etching 
(RIE)  technique'-,  or  the  addition  of  a  gold  trim 
pad2  both  lower  the  frequency  of  the  SAW  device. 
In  order  to  assure  a  reasonable  yield  the  frequency 
of  an  untrimmed  device  must  be  designed  a  little 
high.  This  reduces  the  number  of  devices  that 
initially  are  below  the  desired  frequency  and 
hence  unuseable.  However,  this  also  means  that 
virtually  all  useable  devices  must  be  trimmed  and 
therefore  suffer  whatever  undesirable  side  effects 
that  invariably  accompany  the  particular  trimming 
technique  being  used. 

To  minimize  this  problem  it  would  be  very 
useful  to  have  a  complementary  trimming  process 
that  increased  the  SAW  frequency.  This  would  mean 
that  an  untrlmmed  device  could  be  designed  directly 
at  the  desired  frequency  and  that  a  substantial 
number  of  devices  would  require  little  or  no  trim¬ 
ming  at  all.  Furthermore,  all  of  the  other  de¬ 
vices  would  be  useable  since  they  could  be  trimmed 
either  up  or  down.  For  this  reason  a  trimming 
technique  using  the  dc  plasma  anodization  of  an 
aluminum  pad  has  been  developed.  This  paper  will 
present  a  theoretical  discussion  of  how  this  pro¬ 
cess  acts  to  Increase  the  SAW  frequency  and  also  a 
discussion  of  how  the  anodization  was  carried  out. 
Experimental  results  on  the  trlmnwnlng  of  a  number 
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of  425  MHz  SAW  resonators  will  be  presented  and 
data  showing  the  effect  of  trimming  on  flicker 
noise  will  also  be  discussed. 

Theory 

The  theory  describing  the  effect  of  thin  film 
overlays,  particularly  waveguides,  is  well  devel- 
oped3.  A  prediction  of  the  effects  of  the  aluminum 
oxide  overlay  on  the  surface  wave  velocity  is 
obtained  from  theoretical  analysis.  An  exact  nu¬ 
merical  solution  for  the  wave  in  the  overlayed 
area  involves  solving  the  equations  of  motion  for 
each  layer: 


e  . ,  ,  u, 
ikl  k. 

li 

£il<))^li  =  0 

(1) 

ijkl^k, 

li 

(2) 

and  using  a  linear  superposition  of  these  solutions 
to  satisfy  the  interface  boundary  conditions.  A 
computer  program  developed  by  Jones,  Smith,  and 
Perry  at  Hughes  Aircraft  Company^  was  used  for 
the  calculations.  This  method  requires  several 
parameters  —  elastic  stifness  constants 
piezoelectric  constants  e^jk,  dielectric  constants 
ey,  and  density  p—for  each  layer.  These 
constants  are  listed  in  Table  1.  The  values  for 
quartz  and  aluminum  are  found  in  reference  5.  The 
constants  for  polycrystalline  aluminum  oxide  are 
found  in  reference  6. 

The  results  of  the  computer  analysis  are 
presented  in  Figure  1.  The  analysis  is  valid  for 
oxide  thickness  up  to  about  one  micron.  Above 
this  thickness  the  method  lacks  enough  partial 
wave  solutions  in  the  various  layers  to  specify 
the  Rayleigh  mode  of  the  entire  structure.  The 
fractional  velocity  shift  is  a  monotonically  in¬ 
creasing  function  of  the  oxide  thickness. 

The  computer  also  predicts  that  the  mass 
loading  effect  of  the  aluminium  is  insignificant 
when  compared  to  the  mechanical  perturbation  caused 
by  the  alumina  layer.  By  eliminating  the  aluminum 
layer  from  the  theoretical  model  a  linear  closed 
form  solution  derived  using  perturbation  analysis 
can  be  developed  and  this  solution  provides  a 
physical  insight  not  obtained  from  the  numerical 
calculations.  Following  the  treatment  developed 
by  Auld^  assuming  a  mechanical  surface  perturba¬ 
tion  by  a  thin,  1  useless  isotropic  layer  the  ex¬ 
press!  on: 
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is  derived.  In  this  expression  the  subscript  R 
denotes  the  Rayleigh  mode  in  the  substrate,  and 
primed  quantities  refer  to  parameters  characteriz¬ 
ing  the  oxide  overlay.  The  particle  velocities 
are  vr^.  VRy  and  vr^,  Vr  is  the  Rayleigh  wave 
velocity,  and  Pr  is  the  average  power  flow  of 
the  wave. 


The  Lame  constants  X'  and  p' ,  and  the  density 
p'  characterize  the  isotropic  oxide  layer.  For  an 
increase  in  the  SAW  velocity  the  dominant  parameter 
is  p' .  X'  has  little  influence,  appearing  in  the 
ratio  (X‘  +  p')/(X'+2p')  which  is  always  less  than 
1  for  positive  definite  quantities  X'  and  p'.  For 
values  of  p'  large  enough  to  cause  the  right  side 
of  equation  (3)  to  be  negative,  the  SAW  velocity 
will  increase.  The  mass  density  always  acts  to 
decrease  velocity  as  can  be  seen  from  equation 
(3)  which  monotonically  increases  wi th  increasing  p' 

Using  the  same  values  for  the  oxide  parameters 
given  in  Table  1,  where  X  =ci2  and  p  =044,  and 
values  for  the  Rayleigh  mode  of  the  substrate^ 
equation  (3)  •  simpl  ifies  to 

=  h  (5.84  xlo-5)  (4) 

where  h,  the  oxide  thickness,  is  measured  in  Ang¬ 
stroms.  The  values  obtained  for  the  Rayleigh  mode 
assume  an  infinitely  thin  conducting  layer  at  the 
substrate  surface.  This  allows  inclusion  of  the 
electrical  effect  of  the  unanodized  aluminum,  but 
excludes  the  mechanical  perturbation  which  is 
predicted  to  be  small. 

A  plot  of  (4)  is  presented  in  Figure  2.  The 
linear  result  agrees  closely  with  the  numerical 
result  for  oxide  layers  up  to  lOOA.  For  thicker 
oxide  layers  the  lack  of  agreement  arises  because 
the  oxide  creates  a  strong  perturbation  at  the 
surface.  The  elastic  constant  of  the  oxide  is  4 
times  that  of  the  quartz;  therefore,  the  validity 
of  a  perturbation  solution  for  increasing  oxide 
thicknesses  is  questionable.  At  an  oxide  thick¬ 
ness  of  500A  the  computer  model  calculates  only 
fifty  percent  of  the  velocity  shift  predicted  by 
the  perturbation  analysis. 

Experiment  Description 

To  obtain  the  aluminum  oxide  layer,  anodiza¬ 
tion  of  an  aluminum  trim  pad  located  in  the  pro¬ 
pagation  path  of  a  SAW  device  is  accomplished 
in  a  dc  O2  plasma  discharge.  The  aluminum  pad 
is  deposited  to  a  thickness  of  1  kA  by  e-beam 
evaporation  at  10"®  to  10"^  torr.  The  device 
is  mounted  onto  a  cold-weld  TO-8  header  and  placed 
into  a  vacuum  chamber  for  anodization.  RF  connec¬ 
tions  are  made  to  the  SAW  transducers  to  allow  in 
situ  monitoring  and  a  dc  connnection  is  made  to 
the  trim  pad  allowing  application  of  a  bias  voltage 
for  the  anodization  process.  The  anodization 
geometry  is  shown  in  Figure  3. 

After  all  the  connections  to  the  device  are 
completed  the  vacuum  chamber  is  evacuated  to  10"5 
torr  to  remove  most  possible  contaminants.  The 
chamber  is  then  backfilled  with  oxygen  to  a  pres¬ 
sure  of  50  mi  Hi  torr.  The  oxygen  is  subjected 
to  a  550  Volt  dc  bias  which  excites  the  plasma  and 
which  is  applied  between  an  aluminum  cathode  and 
the  vacuum  chamber  base  plate.  Aluminum  was  chosen 
as  the  cathode  material  to  reduce  any  sputtering 
off  the  cathode  and  contamination  of  the  device®. 


Ionization  of  the  oxygen  is  easily  detectable  by 
the  optical  emission  of  the  plasma,  and  a  current 
of  3  mA  is  drawn  through  the  plasma. 

Once  the  plasma  has  been  established,  a  bias 
voltage  is  applied  to  the  trim  pad.  A  current 
source  which  is  used  to  establish  the  potential 
draws  a  constant  current  density  of  1.5  mA/cm2 
through  the  oxide  until  a  specified  voltage  limit 
is  reached.  Then  the  voltage  is  clamped  and  the 
current  is  allowed  to  drop.  All  anodization  runs 
are  carried  out  until  the  current  through  the  oxide 
has  decayed  to  a  steady  state. 

The  frequency  of  the  device  is  measured  after 
the  anodization  is  complete.  To  avoid  the  effects 
of  charge  buildup  on  the  substrate  which  alter  the 
frequency  measurements  up  to  10  kHz,  the  plasma  is 
turned  off  during  frequency  measurements.  The 
oxygen  pressure  is  maintained  at  50  millitorr  to 
avoid  any  effects  of  pressure  variation  on  fre¬ 
quency. 

The  primary  technique  which  was  used  to  eval¬ 
uate  oxide  thickness  was  ellipsometry .  This  con¬ 
sists  of  measuring  the  difference  in  phase  shift 
between  two  laser  beams  (which  are  originally 
orthogonally  polarized)  reflected  from  the  oxide 
film.  Assuming  an  index  of  refraction  for  AI2O3 
of  1.766  and  using  the  Airy  analysis®  for  the 
reflection  of  the  light  from  the  interface,  the 
phase  shift  as  a  function  of  thickness  can  be 
predicted.  The  thickness  of  the  oxide  layer  can 
then  be  found  by  fitting  the  data  to  the  synthe¬ 
sized  curves.  Determinations  of  the  thickness 
were  made  over  a  range  of  the  angle  of  incidence 
from  20  to  60  degrees  in  order  to  verify  the  re¬ 
sults.  Figure  4  shows  an  example  of  typical  syn¬ 
thesized  curves  of  20A  and  360*  oxide  thickness 
and  the  actual  ellipsometer  data. 

Capacitance  measurements  of  the  sample  films 
were  also  used  to  evaluate  the  thickness  of  the 
grown  oxide.  Using  the  simple  expression; 

C  =  KC^  A/t  (5) 


and  a  value  for  the  dielectric  constant  k  of  AI2O3 
of  7.5  the  thickness  of  the  film  was  easily  found. 
Although  this  technique  was  not  as  accurate  as  the 
ellipsometer  measurement  it  did  allow  better  spatial 
resolution.  This  was  important  in  evaluating  edge 
effects  which  will  be  discussed  later.  Figure  5 
shows  the  expected  linear  relationship  between 
capacitance  and  inverse  thickness  (as  measured  by 
ellipsometry). 


The  oxide  thickness  as  a  function  of  bias 
voltage  is  shown  in  Figure  6.  Data  for  two  con¬ 
figurations  is  shown  to  demonstrate  the  fact  that 
the  geometry  of  the  experimental  configuration  can 
substantially  affect  the  growth  rate  of  the  oxide. 
The  lower  rate  was  achieved  when  the  RF  connections 
were  in  place  for  real  time  monitoring  of  the 
process.  The  reduction  of  the  rate  is  the  result 
of  the  RF  ground  which  connected  the  device  package 
to  the  base  plate  of  the  vacuum  chamber  which  was 
the  anode  of  the  oxidation  apparatus.  For  the 
tuning  of  SAW  devices  the  configuration  with  the 
RF  connections,  placing  the  TO-8  header  at  the 
anode  potential ,  was  used.  This  arrangement  in¬ 
fluenced  the  plasma  at  the  trim  pad-plasma  inter¬ 
face  and  resulted  in  a  growth  rate  of  about 
llA/Volt  of  bias  applied  to  the  trim  pad. 
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Resul ts 

The  trimming  experiments  were  carried  out  on 
425  MHz  two  port  SAW  resonators  (SAWR)  on  40° 
rotated  Y  cut  quartz.  The  acoustic  aperture  was 
130  wavelengths  and  the  effective  cavity  length  was 
approximately  340  wavelengths.  The  space  between 
the  two  transducers  was  approximately  1600  microns 
and  it  was  in  this  region  that  the  aluminum  trim 
pad  was  placed.  The  trim  pads  were  long  enough  to 
cover  the  entire  acoustic  aperture,  but  varied  in 
width  depending  on  how  large  of  a  frequency  shift 
was  desired.  The  widths  used  were  1575  microns, 
and  390  microns. 

The  data  for  the  frequency  shift  as  a  function 
of  anodizing  voltage  is  shown  in  Figure  7.  Data  is 
shown  for  three  SAWRs  with  a  1575  micron  trim  pad 
and  three  SAWRs  with  an  890  micron  trim  pad.  The 
accompanying  table  lists  the  tuning  rate  for  each 
resonator  that  was  obtained  by  fitting  the  data  to 
a  straight  line.  The  Root  Mean  Square  (RMS)  devia¬ 
tion  for  the  fitted  data  is  also  listed.  From  the 
RMS  deviations  it  is  clear  that  the  resonator  can 
be  tuned  to  within  15  kHz  of  the  desired  frequency 
by  presetting  the  anodizing  voltage,  and  the  re¬ 
mainder  of  the  tuning  can  be  accomplished  by  in¬ 
creasing  the  voltage  by  small  amounts  and  monitoring 
the  frequency  shift  in  real  time.  As  expected  the 
tuning  rate  scales  very  nearly  with  the  width  of 
the  trim  pad. 

By  using  the  experimentally  determined  oxide 
growth  rate  of  11  A/Volt  the  frequency  shift  as 
a  function  of  oxide  thickness  may  be  derived. 
Further  the  experimental  fractional  velocity  shift 
can  be  obtained  by  using  the  expression  Af/f= 
A*iV/VR  where  A  is  the  fractional  area  of  the 
cavity  that  is  covered  with  the  trim  pad.  We  can 
then  compare  (see  Figure  2)  the  theoretical  and  ex¬ 
perimental  results  for  fractional  velocity  shifts 
as  a  function  of  oxide  thickness. 

The  discrepancy  between  the  theoretical  and 
experimental  results  in  Figure  2  is  most  probably 
due  to  the  fact  that  bulk  values  for  the  elastic 
properties  of  the  thin  film  overlay  were  used  to 
derive  theoretical  results.  Correction  for  the 
differences  between  the  bulk  and  thin  film  overlay 
structures  results  in  a  reduction  of  the  values  of 
the  elastic  constants^®.  The  numerical  analysis  of 
the  fractional  velocity  shift  shows  that  a  reduc¬ 
tion  in  the  elastic  constants  would  improve  the 
agreement  between  the  theory  and  experiment.  For 
example,  the  theory  using  bulk  film  properties 
predicts  a  fractional  velocity  change  that  is  four 
times  greater  than  the  experimentally  observed 
changes.  By  reducing  C44,  the  shear  elastic  stiff¬ 
ness  constant,  by  a  factor  of  two  this  discrepancy 
is  reduced  as  shown  in  Figure  2. 

Attempts  to  eliminate  the  trim  pad  and  tune 
the  device  by  anodizing  the  SAW  transducers  were 
unsuccessful.  Theory  predicts  that  anodizing  the 
transducer  fingers  should  increase  the  wave  velo¬ 
city  by  about  the  same  amount  the  anodized  aluminum 
pad  does^l,  when  corrected  for  geometric  coverage. 
However  the  resonator  fingers,  which  are  2  microns 
wide,  could  not  be  anodized  in  a  dc  plasma.  During 
attempts  to  trim  resonators  by  anodizing  the  trans¬ 
ducers  no  frequency  shifts  were  observed.  Capaci¬ 
tance  measurements  verified  that  no  oxide  growth 
occurred  on  the  transducer  fingers.  It  is  believed 
that  charging  of  the  insulating  substrate  inter¬ 
feres  with  adsorption  of  oxygen  ions  near  the 
edges  of  the  metallized  areas.  Figure  8  shows  the 


oxide  thickness  versus  distance  from  the  pad's 
edge.  The  thickness  is  inferred  from  capacitance 
measurements.  The  resolution  of  the  measurement  is 
approximately  40  microns  due  to  the  finite  size  of 
the  capacitors.  Since  the  oxide  becomes  thinner  as 
the  pad  edge  is  approached  the  2  micron  fingers 
cannot  be  anodized  in  a  dc  plasma  discharge.  Also 
a  minimum  trim  pad  width  will  be  reached  where  the 
edge  effects  will  preclude  any  velocity  increase 
due  to  anodization. 

The  effect  of  the  overlay  on  the  flicker  noise 
of  SAWRs  is  of  considerable  importance  for  system 
applications.  In  Figure  9  the  noise  measurement 
for  20  different  resonators  is  shown  as  a  function 
of  trim  pad  widths.  The  noise  depends  only  on  the 
width  of  the  aluminum  pad  that  was  deposited  and 
was  independent  of  the  amount  of  A1203  that  was 
grown.  The  incremental  amount  of  the  noise  (rela¬ 
tive  to  the  free  surface)  scales  with  the  width  at 
the  rate  of  about  .0088  dB/micron  of  trim  pad 
width.  The  maximum  amount  of  oxide  that  can  be 
grown  using  this  technique  is  about  500A  which 
(if  limitations  of  oxide  growth  due  to  edge  effects 
are  ignored)  gives  a  maximum  tuning  range  of  .313 
kHz/micron  of  pad  width.  Thus  there  is  an  increase 
of  .028  dB  of  noise  for  each  additional  kHz  of 
tuning  range.  For  a  typical  requirement  of  100 
kHz  (240  PPM)  tuning  range,  this  results  in  an 
increase  of  the  noise  by  2.8  dB. 


Conclusion 

An  experimental  demonstration  of  a  tuning  pro¬ 
cess  which  allows  for  increasing  the  frequency 
of  SAWR  has  been  described.  This  technique  is 
clean,  easily  controlled  by  in  situ  monitoring,  and 
complements  other  tuning  processes  which  decrease  a 
device's  frequency.  Existing  theory  on  layered 
medium  can  explain  the  velocity  change  implemented 
if  a  reduced  value  for  the  shear  elastic  constant 
is  used.  The  side  effects  of  this  tuning  process 
includes  an  increase  in  flicker  noise  which  must  be 
balanced  with  the  frequency  shift  desired. 
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Figure  2.  Comparison  of  experiment  and  theory, 
including  perturbation  analysis  and 
results  with  a  reduced  elastic  shear 
constant  C44  for  better  agreement  to 
experiment. 


Table  1.  Material  parameters  used  in  theoretical 
models. 
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Figure  1.  Fractional  velocity  shift  of  2  multi¬ 
layered  structures  obtained  by  numerical 
solution.  The  predicted  effect  of  the 
aluminum  layer  is  very  small. 
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Figures.  The  anodization  set-up  showing  the  vie 
biases  for  the  cathode  and  the  trim  pad. 
The  rf  connection  to  the  SAW  transducers 
are  not  shown. 
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Figure  4.  Comparison  of  theory  and  experiments  for 
A,  the  relative  phase  shift  of  reflected 
fleeted  laser  beams,  vs.  incident  angle 
in  thin  film  ellipsometry  on  AI2O3  films. 


Figure  5,  A  demonstration  of  the  inverse  linear 
relationship  between  capacitance  and 

AI2O3  film  thickness.  From  this  curve 
a  value  of  7.5  for  the  relative  dielec¬ 
tric  constant  of  AI2O3  is  derived. 
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Figures.  Plasma  voltage-controlled  oxide  growth 

(a)  +  with  RF  connections  for  in  situ 
monitoring 

(b)  *  without  RF  connections. 
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Figure?.  The  tuning  curves  of  6  SAWR.  Q1580  B, 
C,  and  D  had  trim  pads  1575  microns  wide. 
The  rest  had  890  microns  wide  trim  pads. 
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Figure  8.  Plot  illustrating  the  effects  on  oxide 
growth  at  the  trim  pad  edge  due  to  charge 
buildup  on  the  quartz  substrate. 
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Figure  9.  Flicker  noise  at  10  Hz  from  carrier 
as  a  function  of  trim  pad  width. 
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Abstract 

The  development  of  a  very  low  phase  noise  missile 
Frequency  Reference  Oscillator  for  use  in  a  powered 
free  flight  configuration  required  the  utilization  of 
low  vibration  sensitivity  SC  cut  crystals  and  custom 
designed  hybrids.  Three  separate  frequencies  in  the 
VHF  range  are  synthesized  from  a  crystal  controlled 
Butler  oscillator  operating  at  approximately  60  MHz. 
Tight  mechanical  packaging  constraints  require  the  use 
of  special  vibration  Isolators  to  minimize  phase  noise 
during  the  mission. 

Three  hybrids  were  developed  for  the  application. 
Two  of  them  are  VHF  frequency  multipliers  and  the  third 
provides  a  voltage  regulatlon/ECL  driver  function. 
Incorporation  of  these  hybrids  in  the  final  design 
results  In  a  package  volume  of  approximately  five  cubic 
inches.  To  insure  low  phase  jitter  during  vibration, 
all  of  the  crystals  undergo  vibration  screening.  The 
screening  applies  a  slnewave  to  the  three  orthogonal 
axes  while  the  sideband  level  is  monitored.  Two 
crystal  resonators  are  used  in  each  synthesizer;  one  in 
the  oscillator  and  another  in  a  narrowband  crystal 
filter  which  reduces  phase  noise  to  a  level  of 
-161  dBc/Hz,  8  kHz  from  the  carrier.  The  two  crystals 
are  matched  In  temperature  turning  point  to  Insure 
proper  system  performance. 

Introduction 

A  missile  clock  was  developed  to  provide  reference 
frequency  signals  meeting  stringent  phase  noise 
requirements  at  offset  frequencies  of  1  kHz  to  10  MHz 
from  the  carrier.  Three  slnewave  output  frequencies 
are  generated  by  direct  synthesis:  60  MHz,  120  MHz  and 
240  MHz.  In  addition,  a  differential  ECL  timing  signal 
at  60  MHz  is  produced.  To  achieve  a  noise  floor  of 
-161  dBc/Hz  at  a  Fourier  frequency  of  8  kHz,  a  3  kHz 
wide  crystal  filter  is  employed  at  the  oscillator 
output.  The  filter  crystal  is  selected  to  match  the 
oscillator  crystal  in  temperature  turnover  point  and 
center  frequency  to  Insure  that  the  output  level 
remains  constant  from  -55°C  to  +85‘’C.  The  crystals  are 
specially  designed  SC  cut  devices  and  the  oscillator/ 
filter  subassembly  is  vibration  isolated  using 
resilient  mounts. 

System  Design 

Figure  1  is  a  block  diagram  of  the  missile  clock 
system.  The  Butler  oscillator  60  MHz  output  is 
amplified,  fed  to  a  1  x  2  power  splitter  and  crystal 
filtered  prior  to  multiplication.  An  unfiltered 
output  feeds  an  ECL  differential  line  driver  to  supply 
system  squarewave  timing  signals.  The  filtered 
oscillator  output  drives  a  multiplier  hybrid  consisting 
of  an  input  amplifier  and  X2  transistor  multiplier. 
The  frequency  comb  output  from  this  hybrid  feeds  a 
three-pole  helical  filter  having  a  bandwidth  of  10  MHz 
and  Insertion  loss  of  2  dB.  This  filter  reduces  the 
unwanted  multiplier  sidebands  to  a  level  of  -65  dBc. 
The  filter  output  feeds  a  power  splitter,  one  of  whose 
outputs  is  attenuated  to  a  level  of  +6  dBm  to  provide 
the  120  MHz  slnewave  system  output.  The  other  X2 
output  at  a  level  of  4-5  dBm  is  multiplied  to  240  MHz, 
amplified  to  a  level  of  -t-25  dBm,  and  filtered  with  a 
three-pole  helical  resonator  device.  The  filter 
bandwidth  In  this  case  Is  25  MHz  at  the  3  dB  points. 


This  wideband  response  is  required  in  order  to  provide 
a  reasonably  good  source  Impedance  to  the  output  power 
splitter  which  must  maintain  high  isolation  over  a 
15  MHz  band  centered  at  240  MHz.  The  filter  reduces 
the  spurious  multiplication  sidebands  to  a  level  of 
-65  dBc.  The  filter  output  is  power  spilt  and 
attenuated  by  6  dB  to  present  dual  outputs  at  +12  dBm 
each.  The  Illustrated  approach  was  chosen  in  order  to 
simplify  the  circuitry  and  provide  broadband  240  MHz 
isolation  of  30  dB. 

Oscillator/Filter  Design 

The  60  MHz  oscillator  uses  a  Butler  configuration 
to  provide  low  phase  noise.  Since  oscillator  aging  is 
not  critical  for  this  missile  application,  a  relatively 
high  crystal  current  of  3  mllllamps  is  maintained  for 
maximum  signal-to-noise  ratio.  The  oscillator  uses  a 
mode  trap  to  Insure  that  the  output  remains  at  the 
desired  frequency  over  the  broad  temperature  range. 
The  60  MHz  SC  overtone  crystal  is  packaged  in  a  "C" 
holder.  The  oscillator  output  feeds  a  common  emitter 
amplifier  stage  which  delivers  +16  dBm  to  a  10  dB 
directional  coupler.  The  amplifier  is  designed  to 
provide  a  50  ohm  Impedance  at  the  input  to  the  coupler 
to  insure  that  the  isolation  exceeds  20  dB.  One  port 
of  the  coupler  provides  the  +6  dBm  60  MHz  system  output 
and  the  other  feeds  the  one-pole  half  lattice  crystal 
filter.  The  RF  power  levels  at  the  input  to  the  filter 
is  +7  dBm  and  the  insertion  loss  is  2.5  dB. 

All  of  Che  oscillator  and  filter  crystals 
manufactured  for  the  missile  clock  are  swept  over  the 
temperature  range  of  -55'’C  to  +85‘’C  and  the  frequency 
and  series  resistance  recorded.  Based  upon  this  data, 
matched  pairs  of  crystals  are  selected  such  that  the 
turnover  points  lie  within  +2°C  and  the  maximum 
frequency  difference  at  any  temperature  does  not  exceed 
1  kHz.  In  addition,  all  resonators  are  subjected  to  a 
sine  vibration  sweep  while  sideband  generation  is 
monitored.  The  "g"  sensitivity  of  each  crystal  is  then 
calculated  for  each  orthogonal  axis  at  frequencies  from 
100  Hz  to  3  kHz.  Any  devices  exhibiting  unusual 
resonances  in  this  band  or  having  "g "-sensitivities 
that  exceed  3  x  10" '■^/g  are  not  used  in  the 
missile  clock  application. 

Multiplier  Design 

In  order  to  maintain  output  power  levels  which 
vary  less  than  +1  dB  over  the  full  operating 
temperature  range,  the  multipliers  are  designed  with 
input  limiting  circuits.  A  saturating  amplifier  at  the 

input  frequency  maintains  constant  RF  drive  level  to 
the  multiplier.  Figure  2  is  a  schematic  of  the  240  MHz 
multiplier  which  accepts  120  MHz  at  the  input  and 
produces  240  MHz  at  a  level  of  +25  dBm.  The  120  MHz 
multiplier  is  schematically  identical  to  this  device 
except  that  the  third  stage  of  amplification  is  not 
required.  Transistor  Q1  amplifies  the  input  signal 
from  +5  dBm  to  +10  dBm  and  maintains  a  constant  output 
by  virtue  of  the  current  limiting  mechanism  inherent  in 
the  biasing  circuit.  The  output  of  this  stage  feeds  Q2 
whose  collector  is  tuned  to  240  MHz.  The  single  pole 
collector  circuit  provides  approximately  12  dB  of 
attenuation  to  fundamental  and  third  harmonic  signals. 
The  level  of  the  240  MHz  signal  at  this  point  is 
+15  dBm  and  transistor  Q3  is  a  Class  B  amplifier  which 

CH2062-0/84/00000315$1.00  ©  1984IEEE 


315 


raises  the  level  to  +25  dBm.  The  overall  hybrid 
consisting  of  the  three  stages  consumes  approximately 
700  milliwatts  of  dc  power  to  produce  250  milliwatts  of 
RF  signal  at  240  MHz.  Temperature  compensated  biasing 
Is  used  In  stage  three  to  keep  the  operating  point  of 
the  transistor  relatively  Independent  of  temperature. 
The  multiplier  Is  packaged  In  a  0.625  Inch  square 
flatpack  hybrid.  The  output  feeds  a  three  pole 
capacltlvely  coupled  helical  resonator  which  Is 
packaged  In  a  0.75  Inch  square  by  0.25  Inch  thick 
housing.  The  extremely  small  size  of  this  filter 
results  In  an  Inductor  Q  of  approximately  120  and 
Insertion  loss  of  2.5  dB.  Sufficient  RF  power  is 
available  from  the  hybrid  so  that  the  overall  system 
output  RF  level  requirements  are  met.  The  RF  filters 
are  totally  encapsulated  to  eliminate  vibratory  phase 
modulation.  Figure  3  Illustrates  the  packaging 
technique  employed  for  the  multiplier  hybrld/f liter 
combination. 

Regulator/ECL  Driver 

This  subassembly  consists  of  a  12  volt  linear 
regulator  which  accepts  the  +15  volt  missile  bus  input 
and  effectively  removes  noise  and  ripple  components. 
The  regulator  Is  Included  In  a  0.625  Inch  square  hybrid 
package  along  with  a  differential  ECL  driver  and  its 
associated  source  terminating  resistors.  The  ECL 
signals  are  used  to  drive  various  data  and  telemetry 
subsystems  within  the  missile.  The  Input  to  the  ECL 
line  driver  Is  a  60  MHz  slnewave  derived  from  the 
unflltered  oscillator  output  wit*-  a  directional 
coupler. 

Mechanl'~al  :  sign 

To  meet  the  stringent  phase  noise  requirement 
during  free  flight  vith  a  random  vibration  Input  of 
8.7  G  RMS,  the  oscillator/f liter  subassembly  Is 
packaged  In  a  suspended  steel  enclosure  which  Is  foam 
encapsulated.  This  2"  x  1"  x  1"  subassembly  Is  mounted 
In  a  separat  compartment  with  resilient  rubber  mounts 
at  each  of  the  eight  corners.  The  cutoff  frequency  of 
the  mounting  structure  Is  approximately  70  Hz  and  since 
the  random  noise  spectrum  covers  a  range  of  20  Hz  to 
2  kHz,  sufficient  mechanical  Isolation  exists  at  1  kHz, 
the  lower  phase  noise  operational  limit,  to  minimize 
vibration  Induced  phase  Jitter  In  the  assembly.  The 
additional  subassemblies  comprising  the  missile  clock 
are  hard-mounted  within  the  housing  and  all  components 
are  staked  to  the  pc  boards  with  a  structural  adhesive. 
Figures  4  and  5  show  Che  top  and  bottom  view  of  the 
clock,  respectively.  The  center  compartment  In 
Figure  5  contains  the  osclllator/f 11  ter  assembly  with 
the  multipliers  In  the  right-hand  compartments  and 
regulacor/ECL  driver  in  the  left-hand  compartment. 

Phase  Noise  Performance 

Single  sideband  phase  noise  Is  related  to 
frequency  deviation  Af  and  the  modulation  frequency  by 
the  equation: 

L(f)  -20  log  (Af/2fm)  dBc/Hz. 

In  the  presence  of  vibration,  Af“SfoG, 

where  fm  is  Fourier  frequency  in  Hz, 

S  Is  vibration  sensitivity  In  parts  per  G 
G  Is  vibration  level 
fo  Is  oscillator  frequency 

For  random  vibration  level  of  Y  G^/Hz,  G-^Sy. 

Thus,  Af-Sfo^  Hz 

and  L(f)-30  log  (,Sto</Ty/2fm)  dBc/Hz  (1) 


As  an  example,  the  phase  noise  at  a  Fourier  frequency 
of  20  Hz  Is  calculated  for  the  following  conditions: 

S  -  1x10~9/G 
Y  -  0.02g2/Hz 
fm  -  20  Hz 
fo  -  60  MHz 

L(f)  -  20  log  (Ixl0-9x60xl06^2x. 02/2x20) 

L(f)  -  20  log  (3x10-^)  -  -70.5  dBc/Hz 


The  random  vibration  profile  at  the  missile  clock  Is 
plotted  below. 


Equation  (1)  Is  plotted  In  Figure  6  for  three  values  of 
crystal  "g"  sensitivity  S.  Curves  I,  2  and  3  are  plots 
of  the  random  vibration  spectral  density  converted  to 
single  sideband  phase  noise  for  values  of  oscillator 
vibration  sensitivity  of  1x10  “^/G,  5xl0”^®/G,  and 
3xl0"^®/G  respectively.  Curve  4  Is  the  measured 
fo  phase  noise  of  an  actual  osclllator/fllter  and  curve 
5  Is  the  mission  specified  limit.  For  the  measured 
oscillator,  S  equals  5xl0~^®/G.  It  Is  seen  that 
25  dB  of  vibration  Isolation  at  1  kHz  Is  required  to 
meet  the  specification.  Since  the  Isolation  Increases 
at  6  dB  per  octave,  the  Isolation  structure  must  thus 
have  a  3  dB  point  of  approximately  100  Hz.  At  2  kHz 
29  dB  of  isolation  Is  required.  Thus  6  dB  per  octave 
of  rolloff  Is  sufficient  to  meet  the  requirements. 

Figure  7  shows  the  measured  phase  noise  of  a 
packaged  osclllator/fllter  which  Is  hard  and  soft- 
mounted  In  a  structure  using  resilient  vibration 
isolators  as  described  above.  The  hard-mounted 
response  shows  a  distinct  random  noise  spectrum  Imposed 
upon  the  Induced  phase  noise  while  the  soft-mounted 
oscillator  shows  a  gradual  rolloff  occurr..ng  between 
the  region  of  500  Hz  and  2  kHz.  The  Increased  phase 
noise  of  the  soft-mounted  oscillator  below  500  Hz  Is 
due  to  Internal  structural  resonances  In  the  mounts 
which  were  used  for  this  test.  The  level  of  noise 
below  500  Hz  was  considerably  reduced  In  the  production 
units  by  increasing  the  mass  of  the  oscillator  housing. 
This  was  accomplished  by  doubling  the  wall  thickness 
and  using  a  steel  enclosure  for  this  subassembly. 
This  technique  reduced  the  oscillator  mechanical 
resonant  frequency  to  about  45  Hz. 

The  phase  noise  performance  of  the  overall  sdsslle 
clock  assembly  Is  shown  In  Figure  8  for  the  worst  case 
axis  which  Is  perpendicular  to  the  plane  of  the 
crystals.  The  curve  is  plotted  for  the  60  Hz,  120  MHz 
and  240  MHz  outputs  (designated  Fo,  2Fo  and  4Fo  in  the 
figure).  It  is  seen  that  the  phase  noise  between  1  kHz 
and  2  kHz  Is  only  slightly  perturbed  by  the  Incident 
random  vibration  due  to  the  resilient  mounting  of  the 
osclllator/fllter  and  the  encapsulation  techniques 
employed . 

A  distinct  departure  from  Che  unvlbrated  reference 
run  la  seen  below  500  Hz.  A  6  dB  difference  between 
Che  three  vibration  curves  Is  visible  at  low  Fourier 
freuencles  due  to  the  X2  multipliers  phase  noise 
enhancement . 
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Sumnary 

This  paper  describes  the  design  and  development  of 
a  VHF  Missile  Clock  which  produces  highly  stable 
signals  at  three  VHF  frequencies  while  encountering  a 
high  level  of  random  noise.  It  Is  seen  that  by 
properly  selecting  doubly  rotated  SC  crystals  and  using 
packaging  techniques  which  move  structural  resonances 


out  of  the  operating  frequency  range,  a  physically 
small,  light  weight  assembly  can  be  manufactured  which 
meets  the  performance  requirements.  The  Missile  Clock 
described  in  this  Paper  has  been  produced  In  quantities 
of  several  hundred  which  proves  the  feasibility  of 
advancing  the  state-of-the-art  of  high  stability 
oscillators  operating  under  extreme  vibratory  stresses. 
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SIMULATION  OF  OSCILLATOR  NOISE 
by 

James  A.  Barnes 
Austron,  Inc.,  P.O.  Box  14766 
Austin  TX  78761 


ABSTRACT 

The  paper  presents  methods  for  simulating  the  time 
errors,  X„,  of  a  clock  perturbed  by  any  of  several 
random  processes,  a  linear  frequency  drift,  and  diur- 
nals.  The  random  processes  Include  (1)  white  noise 
PM,  (2)  flicker  noise  PM,  (3)  white  noise  FM,  (4) 
flicker  noise  FM,  and  (5)  random  walk  noise  FM.  One 
first  selects  a  subset  of  the  five  noises,  and 
possible  diurnals,  and  linear  frequency  drift  which 
will  adequately  model  the  oscillator  in  question.  One 
generates  each  noise  separately  and  then  adds  them 
together,  point  by  point,  and  finally  truncates  each 
point  to  simulate  the  real  data  acquisition  system. 

For  each  noise  type,  one  obtains  the  noise  level  from 
a  plot  of  the  conventional  Allan  variance.  A  specific 
point,  Ty  and  Oy^CXy)  allows  one  to  estimate  the 
variance  of  the  random  "shocks"  taken  as  Inputs  to 
digital  (recursive)  filters.  The  paper  gives  the  spe¬ 
cific  recursive  functions  to  produce  any  of  the  five 
random  processes  listed  above,  as  well  as  the  linear 
frequency  drift.  A  specific  example  is  Included  in 
the  paper. 

I.  THE  VALUE  OF  NOISE  SIMULATION  ROUTINES 

Stochastic  models  of  precision  clocks  and  oscillators 
have  existed  for  some  time.  Typical  models  Include 
superpositions  of  various  noises  and  deterministic 
(non-random)  trends.  More  specifically,  the  random 
model  elements  Include: 

(1)  White  noise  phase  modulation  (PM); 

(2)  Flicker  noise  PM; 

(3)  White  noise  frequency  modulation  (FM); 

(same  as  random  walk  noise  PM); 

(4)  Flicker  noise  FM; 

(5)  Random  walk  noise  FM. 


Two  or  three  of  the  nine  elements,  above,  suffice  for 
the  modeling  of  most  clocks  and  oscillators.  Jones  and 
Tryon'-  have  documented  a  two  or  three  element  model  for 
commercial  cesium  beam  frequency  standards  for  periods 
longer  than  two  hours.  The  Jones/Tryon  model  elements 
are  white  noise  FM,  random  walk  noise  FM,  and  possibly 
linear  frequency  drift.  The  time  and  frequency  offsets 
(6  and  7  above)  are  not  considered  fundamental  since 
all  clocks  naturally  accumulate  these  errors  in  the 
course  of  operation.  That  is,  time  and  frequency  off¬ 
sets  are  the  normal  consequences  of  the  other  model 
elements.  Most  clocks  require  references  to  external 
standards  routinely.  Linear  frequency  drift,  on  the 
other  hand,  provides  the  limiting  errors  for  long-term 
measurements  even  for  the  best  clocks.  In  fact,  one 
could  devote  an  appreciable  fraction  of  a  clock's  life 
expectancy  just  to  establish  a  reasonable  precision  for 
the  drift  rate. 

The  above  model  elements  seem  to  describe  almost  every 
clock  currently  available.  Indeed,  these  model  ele¬ 
ments  have  been  in  use  for  the  last  15  to  20  years. 

The  point  is  that  the  above  list  of  model  elements  is 
thought  to  be  practically  exhaustive.  If  one  found  it 
to  be  Inadequate,  that,  in  Inself,  would  be  noteworthy. 

The  value  of  having  a  reliable  model  is  quite  signifi¬ 
cant.  One  can  design  and  "test"  complex  systems  at 
computer  speeds  before  committing  the  system  to  a  hard¬ 
ware  realization.  Simulation  is  especially  valuable 
when  a  system  design  forces  non-linear  constraints. 
Another  use  of  simulation  is  to  test  computer  analysis 
routines  when  the  input  "data"  is  known  in  advance. 

Specifically,  this  paper  develops  computer  routines  to 
simulate  evenly  spaced  values  of  clock  time  errors 
resulting  from  the  superposition  of  various  noises  and 
deterministic  functions.  I  wish  to  emphasize  that  the 
simulation  process  simulates  TIME  errors,  not  frequency 
errors.  Of  course,  it  is  a  relatively  simple  procedure 
to  obtain  average  frequency  by  taking  the  first  dif¬ 
ferences  of  the  time  data  and  dividing  by  the  time 
Internal  between  points. 


A  subset  of  these  five  random  components  is  usually 
adequate  to  describe  the  random  behavior  of  typical 
clocks  and  oscillators. 


In  accord  with  the  notation  of  other  work  in  the 
field^*^,  this  paper  makes  use  of  the  following  nota 
tlon: 


The  five  noise  types  above  are  called  "power-law" 
spectra  since  the  power  spectral  densities  have  a 
power  law  dependence  on  frequency.  That  is, 

Sy(f)  -  h„  f“  for  a  "  -2,  -1,  0,  1,  2  (1) 

It  is  conceivable  that  non-integer  values  of  a  could 
exist,  but  as  yet  there  seems  little  need  of  them  for 
oscillator  modeling. 

Clocks  and  oscillators  often  display  deterministic 
trends  such  as: 

(6)  Time  (phase)  offset; 

(7)  Frequency  offset; 

(8)  Linear  frequency  drift,  and 

(9)  Periodic  (e.g.,  diurnal)  terms. 


A.  The  voltage  output  from  an  oscillator  conforms 
to  the  relation: 

V(t)  -  Vq  sin  [2  X  Vo  t  +  t  (t)] 

where  Uq  Is  the  nominal  oscillator  frequency  (in  Hz), 
Vq  Is  the  constant  amplitude  of  the  carrier,  and  ji  (t) 
contains  any  of  the  nine  random  and  deterministic  ele¬ 
ments  listed  above. 

B.  The  Instantaneous  frequency  of  the  oscillator 
is  given  by, 

V  (t)  ”  _L  d  (2x  Vot  +  4i  (t)]  /  dt 
2x 

”  Vq  +  _Ld(;i(t)/dt. 

2x 

C.  The  time  error  of  a  clock  run  from  the  oscilla¬ 
tor  is  given  by, 

X(t)  -♦(!)/  (2x  Vo) 
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D.  The  instantaneous  fractional  frequency  is  given 

by. 


A  second  method  is  as  follows^: 


y(t)  =  _ i _  d  <ti(t)  /  dt 

2ll  Vg 

=  d  X(t)  /  dt 

E.  The  average  fractional  frequency  is  given  by, 


1000 

P  -  0 

1010 

FOR  J-1  TO  6 

1020 

P-P+RND-RND 

1030 

NEXT  J 

1040 

RETURN 

f(t) 


1_ 

T 


t+T 

J 


t 


Y(t)  dt 


=  [X(t  +  t)  -  X(t)l/T 


this  routine  depends  on  the  fact  that  the  variance  of 
the  uniformally  distributed  numbers  ("RND"  in  the 
program)  is  exactly  1/12,  and,  hence,  P  (the  sum  of 
twelve  end's)  will  have  unit  variance.  Since  P  is  the 
sum  of  twelve  uncorrelated  numbers,  the  resulting  num¬ 
bers,  P,  are  very  nearly  Gaussian  (The  Central  Limit 
Theorem),  and  since  the  program  adds  as  many  RND's  as 
it  subtracts,  the  population  mean  is  zero. 


11.  THE  WHITE  NOISE  FAMILY 


An  important  noise  is  random,  uncorrelated,  white 
noise,  which  is  normally  distributed,  unit  variance, 
and  with  a  zero  mean.  The  noise  is  considered  to  have 
a  constant  power  spectral  density  (hence,  the  name 
"white").  Some  people  have  objected  to  this  noise 
model  on  the  basis  that  it  has  Infinite  power  if  the 
spectrum  is  everywhere  constant.  Of  course,  real 
electronics  do  not  have  an  infinite  bandwidth^  and  no 
real  problem  exists^. 

Most  digital  computers  have  (pseudo)  random  number 
generators  which  produce  uncorrelated  numbers,  uni¬ 
formly  distributed  over  the  range  zero  to  one.  Not 
all  of  the  computer  random  number  generators  are  ade¬ 
quate  for  simulation  purposes.  Some  random  number 
generators  repeat  after  fairly  few  numbers  have  been 
called.  For  non-critlcal  work,  one  can  use  a  rather 
simple  generation  scheme: 

1000  P  =  FRC  (P  *  997) 

where  the  next  random  number  is  the  fractional  part 
of  997  times  the  previous  number.  The  initial  (or 
"seed")  number  can  be  something  like  Pi  or  e.  In 
spite  of  its  simplicity,  it  is  often  quite  useful; 
however,  it  is  beyond  the  scope  of  this  paper  to 
review  the  literature  on  random  number  generation. 


For  clock  modeling,  one  needs  numbers  which  have  a  nor¬ 
mal  (Gaussian)  distribution,  not  a  uniform  distribu¬ 
tion.  I  present  here  two  methods  of  converting 
uniformaly  distributed  numbers  to  a  Gaussian  distribu¬ 
tion.  The  first  method^  generates  normally  distributed 
numbers  from  uniformly  distributed  numbers  using  the 
following  algorithm: 


1010  IF  FLAG_1  -  1  THEN  1080 

1020  R  -  RND 

1030  Q  -  SQR(-2*L0G(R)) 

1040  R  -  RND 

1050  FLAG_1  -  1 

1060  P  >  Q*C0S(2*PI*R) 

1070  GOTO  1100 

1080  FLAG_1  -  0 

1090  P  -  Q*SIN(2*PI*R) 

1100  RETURN 


where  each  reference  to  "RND"  returns  a  number  from  a 
uniformally  distributed  population,  PI  -  3.1415926..., 
and  the  P  are  normally  distributed  (Gaussian),  random 
numbers  with  zero  mean  and  unit  variance.  (The  argu¬ 
ments  of  the  trigonometric  functions  are  in  radians.) 


A.  White  Noise  Phase  Modulation 


There  are  six  aspects  which  must  be  known  to  model  any 
of  the  random  noises: 

(1)  Noise  type  (e.g.,  white  noise  PM). 

(2)  Noise  level  (e.g.,  the  Allan  variance  at 
a  specified  tau). 

(3)  The  units  of  the  data  (e.g.,  microseconds). 

(4)  The  time  interval  between  data  points 
(e.g.,  10  seconds). 

(5)  The  truncation  (or  resolution  or  rounding) 
of  the  data  (e.g.,  one  nanosecond). 

(6)  The  number  of  data  points  (e.g.,  350), 

We  have  already  selected  the  noise  type  (l.e.,  white 
PM),  and  the  next  issue  is  to  obtain  an  estimate  of  the 
noise  level.  I  will  use  estimates  obtained  from  the 
Allan  variance  exclusively  in  this  paper.  If  one 
desires  other  estimates,  reference^  provides  some 
translations  among  the  Allan  variance;  the  power 
spectral  density,  PSD,  of  frequency;  the  PSD  of  phase; 
and  the  PSD  of  time  error.  Also,  the  purpose  of  this 
paper  is  to  simulate  a  known  noise,  not  to  analyze  a 
particular  oscillator. 

Allan®  has  shown  that  each  of  the  power  law  spectral 
densities  displays  an  Allan  variance  which  is  also  a 
power-law  (although  not  necessarily  unique)  in  the 
sample  time,  x.  Specifically,  he  has  shown  that: 

Oy^  (x)  ”  A(u)  •  xP  (1) 

We  determine  the  level  of  one  specific  noise  type  at  a 
time.  I  assume  that  we  have  a  plot  of  the  Allan 
variance  of  the  noise  to  be  simulated  over  a  suitable 
range  of  time  intervals  to  allow  adequate  models.  We 
select  a  point  on  the  Allan  variance  plot  which  appears 
typical  of  the  noise  type  to  be  simulated  (white  PM, 
for  this  example),  and  compute  the  quantity 

A(-2)  -  x_2^  •  Oy^  (x_2)  (2) 

where  x_2  tau-value  (in  seconds)  of  the  chosen 

point  on  the  Allan  variance  plot,  and  Oy^  (x_2)  la  the 
corresponding  Allan  variance.  Equation  (3),  below, 
gives  the  total  variance  of  the  needed  random  numbers 
to  simulate  the  desired  white  phase  modulation^: 
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•  i  •  (t_2^  •  Oy^  (t-2)]  (3) 

3 

Different  noise  types  than  the  white  PM  considered 
here  require  different  relations  than  that  given  In 
Eq.  (3).  We  must  now  scale  the  variance  obtained  from 
Eq.  (3)  to  account  for  the  simulated  phase  units  and 
any  sample  time  effects  (not  necessary  for  white  PM). 
Define  U  as  the  units  of  the  desired  data  set  (e.g., 
microseconds)  and  as  the  desired  time  interval  bet¬ 
ween  successive  data  points  In  seconds.  The  variance 
of  the  needed  numbers,  then,  is  given  by  (see  appen¬ 
dix)  : 

S-2^  =  — i-  ■  [t-2^  •  Oy^  (t-2)!  W 

3  u2 

In  practice,  the  white  phase  noise  data  are  computed  by 
multiplying  the  Gaussian,  random  numbers,  Pj,,  by  the 
square  root  of  S_2^  in  Eq.  (4),  above;  that  Is: 


We  now  have  a  new  option:  The  Initial  value,  Xq,  Is 
unspecified.  The  model  specifies  only  how  the  numbers 
develop  from  some  arbitrary  beginning,  and  not  where 
It  began.  Clearly,  this  problem  corresponds  to  the 
needs  to  provide  an  initial  time  calibration  of  a 
clock.  The  user  is  free  to  develop  his  own  method  for 
setting  the  initial  value  for  Xj,,  although,  one  could 
choose  a  value  near  that  of  the  specific  data  to  be 
simulated. 


C .  Random  Walk  FM 

For  the  random  walk  FM  case  (p  •  +1),  we  proceed  as 
before.  We  obtain  the  variance  of  the  random  shocks, 
from  the  following  equation: 

S^2  =  22^  .  [^^-1  .  2 

U2  (8) 


Xn  =  S-2  •  Pn 


(5) 


We  can  accomplish  the  simulation  by  using  the  equation: 


That  is,  the  numbers  Intended  tc  simulate  the  time 
error  of  a  real  oscillator  are  given  by  the  data,  X^. 
The  numerical  values  of  X^  should  appear  to  have  com¬ 
parable  values  and  variations  to  the  recorded  values  of 
an  actual  measurement  (except  for  rounding  or  trun¬ 
cation  discussed  below)  and  the  Allan  variances  are 
comparable  to  the  white  PM  part  of  the  Allan  variances 
of  the  real  data. 

The  next  step  In  the  simulation  process  is  to  simulate 
the  remaining  model  elements,  both  random  and  deter¬ 
ministic,  and  add  the  new  elements  to  the  existing 
simulated  data.  Obviously,  each  component  added  must 
use  the  same  units,  time  Interval  between  data  points, 
and  the  same  number  of  points.  After  all  model  ele¬ 
ments  are  added,  the  truncation  program  drops  unneeded 
digits  corresponding  to  the  resolution  of  the  actual 
data.  The  implicit  model  here  is  that  all  the  elements 
are  Independent  and  can  be  added  together.  The 
measurement  operation  then  truncates  each  data  point  to 
a  specific  number  of  significant  digits.  The  final 
step  In  the  simulation  is  to  verify  the  results  using 
the  Allan  variance  and  compare  It  to  the  Allan  variance 
of  the  real  data,  processed  as  identically  as  possible. 

B.  White  Noise  FM 


Xn  =  2X„-1  -  Xn-2  +  SI  '  ^n  (9) 

but  now  we  have  two  arbitrary  parameters,  Xq  and  X_]^, 
which  relate  to  Initial  values  of  X[j  and  initial  fre¬ 
quency,  (Xn  -  Xn-i)  /  To). 

At  this  point,  we  encounter  an  Interesting  problem. 

We  have  implicitly  assumed  that  the  real  data  are 
samples  taken  from  a  continuous  process,  and  that  these 
real  data  points  can  be  simulated  with  a  discrete  pro¬ 
cess,  Xn.  While  this  Is  true  for  the  processes  con¬ 
sidered  in  this  paper,  random  walk  FM  has  a  special 
problem. 


For  the  discrete  model  described  in  Eqs.  (8)  and 
(9),  above,  one  can  show  that  the  Allan  variance  is 
given  exactly  by  the  relation: 


Oy^  (t)  =  Si2  >  2N  -H 

6NTn^ 


(10) 


where  t  -  N  •  Tj,,  and  in,  is  the  time  interval  between 
data  points.  Asymptotically  for  large  N,  the  Eq.  (10) 
approaches : 


Oy^  (x)  -  Si2  • 


(11) 


The  previous  section  described  the  simulation  of  phase 
variations  which  were  taken  to  be  white.  This  section 
considers  white  nclse  modulating  the  frequency,  which 
makes  the  phase  fluctuations  appear  to  be  a  random 
walk.  White  noise  FM  corresponds  to  y  •  -1  In  Eq. 

(2).  As  In  the  white  PM  case,  above,  we  need  the 
variance  of  the  random  "shocks"  upon  which  the  model  Is 
built.  For  white  FM,  the  desired  variance  Is  given  by; 

S-i2  -  .  o  2  (6) 

t;2 

where  t_i  is  that  tau-value  on  the  sigma-Y  of  tau  plot 
(Allan  variance)  which  corresponds  to  an  Allan  variance 
In  the  white  FM  region,  and  ay2  (t_i)  Is  the  Allan 
variance  at  that  tau-value.  In  contrast  to  the  white 
PM  model,  for  white  FM,  the  variance  of  the  random 
shocks  depends  on  the  time  interval  between  data 
points,  Tg,  .  Since  we  are  modeling  time  errors, 
variations  In  frequency  affect  the  rate  of  change  of 
time  (phase)  variations.  The  resulting  program  to  com¬ 
pute  the  white  FM  Includes: 

Xn  -  Vl  +  S_i  •  P„  (7) 

where,  as  before,  the  Pf,  are  pseudo  random,  uncorrc- 
lated  numbers  with  zero  mean,  unit  variance,  and  nor¬ 
mally  distributed. 


It  is  interesting  that  Eq.  (11)  is  the  exact  result 
for  data  samples  taken  from  a  continuous  random  walk 
(Wiener  Process),  FM.  Dr.  Charles  Greenhall  at  JPL^ 
pointed  out  that  there  Is  an  exact  model  for  the  random 
walk  FM,  In  the  discrete  sampling  of  a  continuous  pro¬ 
cess  which  is  correct  for  all  N.  The  exact  represen¬ 
tation  is  an  "IMA(2,1)"  model^®.  Specifically,  the 
exact  relation  to  replace  Eq.  (9)  is: 

Xn  “  2Xf,_i  -  X^,_2  +  a^  -  08^-1  (12) 

where  n  ”  1,2,...N,  a^  -  Sl-^n  *"‘1  0  Is  a  constant 
with  value 

0  -  /3  -2  -  -0.268  (13) 

Often,  the  high  frequency  (or  small  tau  region  of 
the  Allan  variance)  Is  predominantly  covered  with  white 
PM  and/or  white  FM,  and  the  difference  between  Eq.  (9) 
and  (12)  Is  not  observable.  Still,  Eq.  (12)  Is  suf¬ 
ficiently  simple  that  one  should  probably  use  It  In 
preference  to  Eq.  (9).  The  addition  of  the  9-term 
changes  the  expression  for  9^2  to  the  following: 

3t  ^ 

Si2  -  - 2 -  •  [ti"!  •  Oy2  (t_i)]  (14) 

U2  (1-6)2 
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C.  Initial  Conditions 


to  replace  Eq .  (8). 

III.  THE  FLICKER  FAMILY 

Barnes  and  Jarvls^^  developed  an  empirical  ARIMA 
model^®  which  can  simulate  flicker  noise  over  a  large 
but  bounded  region.  The  model  can  be  written  In  the 
form: 


4 

2 

X  -  2 

♦l  Xn-l  =  an  "  ^ 

i=l 

J=1 

Where  the  phi's  and  theta's  can  take  on  the  values 
given  In  Table  (1). 

A.  Flicker  Noise  PM 


The  discussion  of  flicker  noise  models  here  follows  the 
same  form  as  for  the  white  noise  models,  above.  There 
is  a  potential  noise  Identification  problem,  however. 

In  that  both  white  noise  PM  and  flicker  noise  PM  have 
the  same  y-value,  of  -2.  This  emphasizes  the  need  to 
have  a  well  identified  model  prior  to  the  simulation 
process  discussed  here.  (It  Is  beyond  the  scope  of 
this  paper  to  discuss  the  noise  Identification  problem. 
See  Reference  [3].) 

As  before,  we  obtain  the  variance  of  the  randon  shocks 
driving  the  system; 

S-2^  “  — L  •  [t_2^  •  Oy^  (t_2)]  (16) 

5u2 

where  t_2  Is  that  tau-value  on  the  slgma-Y  of  tau  plot 
which  corresponds  to  an  Allan  variance  In  the  flicker 
PM  region.  The  ARIMA  coefficients  (phi's  and  theta's) 
should  be  selected  from  Table  1,  and  the  Inputs  to  the 
ARIMA  filter,  aj^,  come  from  the  Gaussian  noise  genera¬ 
tor,  Pn: 

an  =  S-2  •  Pn  (17) 

Equation  (18),  then  generates  the  flicker  phase,  X_, 
using  the  an  ^q.  (17): 

3 

*n  ”  ^  ♦i  lln-1  an  ” 

1-1 

B.  Flicker  Noise  FM 


2 

I 

j-1 


0j  an-J 


(18) 


Equation  (19)  gives  an  estimate  of  the  variance  of  the 
random  shocks  delivered  to  the  flicker  filter.  As 
before,  the  P  are  random,  normal  deviates  with  zero 
mean  and  unit  variance: 

,  1.8  T  2 

So^  -  - — S-  •  [oy2  (To)l  (19) 

U2 

(Note:  For  flicker  FM,  the  Allan  variance  Is  constant.) 
The  Input  to  the  flicker  FM  filter  Is: 

an  “  So  *  Pn  (20) 

where  Sq  comes  from  Eq.  (19).  The  flicker  filter  Is 
Just : 

4  2 

Xn  -  ^  Xn-1  +  ^  Sj  Sn-j  (21) 

1-1  J“1 

and  the  phi's  and  theta's  come  from  Table  1. 


In  a  recent  paper.  Dr.  C.  Greenhalll2  points  out  that 
starting  the  flicker  filters  with  all  initial  variables 
set  to  zero  Is  an  extreme  assumption  which  affects  some 
statistics  but  leaves  others  alone  (see  also^^).  At 
the  present  time,  the  "zero-infinite  past"  assumption 
seems  to  be  acceptable  for  most  simulation  studies. 


IV.  DETERMINISTIC  TRENDS 


A.  Linear  Frequency  Drlfu 

It  Is  often  very  difficult  to  quantify  the  linear  fre¬ 
quency  drift  term  In  an  csclllator^^.  The  primary 
reason  Is  that  the  random  parts  (just  modeled  above) 
obscure  the  drift  In  "short-term";  where  short-term 
might  be  for  times  less  than  a  day  or  even  longer  for 
atomic  frequency  standards.  Of  course,  to  obtain 
reasonable  confidence  In  the  drift  rate,  the  data 
length  oust  be  long  compared  to  the  short-term  region 
dominated  by  the  random  components. 


Linear  frequency  drift  often  manifests  Itself  In  an 
Allan  variance  for  long-term.  That  Is,  the  Allan 
variance  for  long-term  varies  as  t2.  Specifically,  the 
drift  term  contributes  the  following  to  the  Allan 
variance : 

ay2  (t)  -  1_  d2  ^2  (22) 

2 

(Note:  The  sign  of  the  drift  term  is  lost  in  the 
Allan  variances,  and  other  means  must  be  found  to 
estimate  D.) 

Given  a  drift  rate,  D,  and  the  time  Interval,  t^,,  the 
(quadratic)  change  In  time  error,  X„,  is  generated  by: 

Xn  -  2  X„_i  -  Xn-2  +  D  t„2/U  (23) 


There  are  two  arbitrary  values  to  be  supplied:  (1)  the 
Initial  time  error  at  n  -  0,  and  (2)  the  time  error  at 
n  -  -1.  These  two  constants  determine  the  Initial 
error  and  the  Initial  rate  (i.e.,  frequency)  error. 

One  should  select  the  values  to  emulate  an  actual  data 
sample. 

The  dimensions  of  D  are  (sec .  )/(8ec. )2.  Conversion  to 
parts  In  ten  to  the  N-th  power  per  day  Is  accomplished 
by  nultlplylng  D  by  the  constant  86,400  (sec. )/(day) . 

Ocher  systematic  trends  (e.g.,  periodic  terms)  can  be 
added  at  this  point.  The  Allan  variance  can  respond  to 
periodic  terms  In  a  characteristic  way,  but,  like 
drift,  methods  other  than  the  Allan  variance  are  better 
for  parameter  estimation. 

V .  TRUNCATION 


To  this  point,  all  appropriate  random  and  systematic 
"errors"  should  be  added  together  and  exist  as  a 
single,  one-dlmenslonal  array  In  the  computer.  We  can 
now  truncate  the  data  to  correspond  to  the  real  data. 
This  Is  the  last  operation  before  testing  the  model 
validity  with  the  Allan  variance  applied  to  the  simu¬ 
lated  data.  An  algorithm  which  truncates  the  data  to 
N-slgnlf leant  digits  Is: 
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200  Xn  =  INT(Xn  *  lON)  /  (IqN)  (24) 

where  INT(Z)  is  the  "Integer  part  of"  the  argument,  Z. 
One  must  be  aware  that  some  computers  treat  INT(Z) 
differently  than  others.  Some  computers  take  INT(Z) 
as  the  largest  integer  less  than  or  equal  to  Z,  while 
others  simply  drop  the  digits  following  the  decimal 
point.  The  difference  between  these  two  methods 
occurs  when  Z  has  a  negative  value.  For  example,  if  Z 
=  -4.221,  the  "largest  Integer"  method  returns  -5, 
while  the  other  method  returns  -4.  The  assumption 
for  Eq.  (24)  is  the  former  method  (i.e.,  -5). 

VI.  SUMMARY 

Computer  generated  random  numbers  can  simulate  the 
various  noises  common  to  clocks  and  oscillators.  An 
Allan  variance  can  indicate  the  levels  and  types  of 
noises  present  in  a  given  oscillator  and  we  can  simu¬ 
late  each  of  the  noises  one  at  a  time.  Also  linear 
frequency  drift  and  periodic  terms  complete  the  model 
elements  studied.  The  point  by  point  sum  of  these 
noises  and  deterministic  terms  can  be  truncated  to 
make  the  data  emulate  in  detail  the  underlying  pro¬ 
cesses  and  the  measurement  system's  finite  resolution. 

Beginning  with  an  Allan  variance  of  an  actual  oscilla¬ 
tor,  we  make  estimates  of  the  noise  types  and  noise 
levels.  For  a  given  noise  type,  we  select  a  point  on 
the  Allan  variance  (or  slgma-V  of  tau)  plot  which 
seems  to  be  the  most  reliable  indication  of  the  Allan 
variance  for  a  given  noise  type.  The  tau-value  and 
its  corresponding  value  for  slgma-Y  of  tau  allow  us  to 
use  Table  2  for  the  formula  to  estimate  the  driving 
noise  level  (i.e.,  the  amplitude  of  the  random 
"shocks”)  for  the  given  noise  type.  Table  3  contains 
the  recursive  formulas  needed  to  calculate  an  actual 
noise  sample.  We  follow  the  same  procedure  for  each 
noise  type  and  ultimately,  along  with  the  deter¬ 
ministic  components,  add  the  noises  point  by  point. 
Truncation  of  each  point  to  correspond  to  the  actual 
data  resolution  completes  the  simulation.  The  entice 
process  can  end  with  a  comparison  of  Allan  variances 
for  both  the  actual  data  and  the  simulated  data. 

An  example  is  valuable: 

Figure  la  is  the  time  error  plot  of  the  time  dif¬ 
ference  between  a  quartz  crystal  oscillator  and 
Loran-C  as  obtained  in  Boulder,  Co.  Figure  2a  is  the 
Allan  variance  of  this  actual  data.  This  data  has  a 
total  of  311  points  separated  in  time  by  900  sec.  and 
has  a  resolution  of  10  nanoseconds.  The  data  units 
recorded  were  in  microseconds,  which  means  U  ”  1  x 
10"^.  The  model  chosen  to  emulate  this  data  was  white 
noise  FM  (based  on  the  short-term  performance),  a 
linear  frequency  drift,  and  a  diurnal  component. 

In  short-term.  Figure  2a  Indicates  the  "best"  estimate 
of  the  white  noise  comes  from  the  value  at  “  900 
sec.  The  corresponding  value  of  the  Allan  variance  is: 

Oy2  (x  -  900  s)  -  (2.75  x  10-11)2  (25) 

Table  2  provides  us  with  the  means  to  calculate  the 
level  of  the  random  shocks  needed  for  the  simulation: 

S  ,2  .  900  .[900  •  (2.75  x  10-11)2]  (26) 

or,  finally, 

S_i  -  0.0248  (27) 

Table  3  gives  the  recursion  formula  to  generate  the 


time  error  of  a  clock  displaying  white  frequency  modu¬ 
lation. 

Using  regression  analysis  on  the  actual  clock  data,  I 
obtained  the  values  for  the  linear  frequency  drift  term 
and  the  diurnal.  The  three  time  series  modeling  the 
phase  which  arose  from  white  FM,  frequency  drift,  and 
diurnals  are  summarized  in  Figures  1  through  3.  Each 
Figure  contains  the  results  obtained  from  the  actual 
data  (the  "a"  part  of  the  Figure),  and  its  counterpart 
from  the  simulated  data  (the  "b"  part).  One  last  com¬ 
ment,  about  simulation.  Given  enough  trials  almost  any 
time  series  might  come  from  almost  any  model.  The 
simulated  data  here  was  the  first  and  only  run  made. 
While  it  may  or  may  not  be  representative  of  the  model, 
it  is  not  an  artifact  of  the  author's  biases. 


Flickei 
PM  or 

FM 

Para¬ 

meter 

(OK  Fit) 

N  <  300 

(Good  Fit) 

N  <  1000 

(OK  Fit) 

N  <  3000 

PM 

♦  l 

1.549 

2.462618155 

2.51297305 

PM 

^2 

-0.56 

-1.94749411 

-2.0378810 

PM 

♦  3 

0 

0.484819*^ 

0.52489646 

PM 

ei 

0.88 

1.83075548 

1.87697024 

PM 

®2 

0 

-0.83245797 

-0.87756196 

FM 

♦  l 

2.549 

3.462618155 

3.51297305 

FM 

♦2 

-2.109 

-4.410112265 

-4.55085407 

FM 

♦  3 

0.56 

2.432313950 

2.56277748 

FM 

jilf 

0 

-0.48481984 

-0.52489649 

FM 

®1 

0.88 

1.83075548 

1.87697024 

FM 

92 

0 

-0.83245797 

-0.8775619 

Table  1.,  ARIMA  Coefficients  for  Flicker  PM 
and  FM 


(Note:  The  number  of  significant  digits  in  Table  1 
Is  very  large  relative  to  the  standard  errors. 
However,  dropping  digits  can  materially  alter  the 
model  beyond  what  one  might  expect,  because  roots  of 
the  "operator"  equation  may  change  significantly. 

This  is  often  an  annoying  feature  of  digital  filters 
and  does  not  imply  exactness  in  the  overall  model. 
Indeed,  the  model  may  require  more  significant  digits 
than  are  available  on  some  computers.) 
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TAB 

NOISE 

TYPE 

.LE  2 

U 

.  Va 

re 

a 

rlances  of  input  white  noise  to 
alize  a  given  Allan  variance. 

VARIANCES  FOR  INPUT  NOISE 

WHITE 

NOISE 

PM 

-2 

+2 

S-2^  =  1  •  [t_22  •  a  2  (t_2)] 

3u2 

FLICKER 

NOISE 

PM 

-2 

+1 

S-2^  “  —  •  [t-2^  •  Oy2  (1-2)] 

2u2 

WHITE 

NOISE 

FM 

-1 

0 

S_x2  =  •  [t_i^  •  cry2  (t_i)1 

U2 

FLICKER 

NOISE 

FM 

0 

-1 

2  1-8  rj 

So^  -  ,  •  [Oy^  (^o)l 

U2 

RANDOM 

WALK 

NOISE 

FM 

+1 

-2 

Si2  =  “  •  [Ti-1  •  Oy2  (Ti)l 

U2  (1-0)2 

(WHERE  0  “  -  2  =  -0.268) 

Where: 

Is  Che  tine  Interval  between  data  points. 

(e . g.  ,  10  sec .  ) 

V  is  the  units  of  the  data  (e.g.,  microseconds). 


Ty  are  the  coordinates  of  a  point  on  a  sigraa-y 
J  of  tau  plot  through  which  the  square  root 
of  the  Allan  variance  of  the  simulated 
OyCty)  data  should  pass. 


TABLE  3.  Recursive  Formulas  to  Generate  Noise  Type 


NOISE 

TYPE 

u 

a 

RECURSIVE  FORMULAS 

WHITE 

NOISE 

PM 

-2 

+2 

FLICKER 

NOISE* 

PM 

-2 

+1 

^n  “  *1  ^-1  't’2  Xn-2  +  't'3  ^-3 

+  An  -  01  An-1  -  02  An-2 

WHITE 

NOISE 

FM 

-1 

0 

^  “  ^n-i  +  an 

FLICKER 

NOISE* 

FM 

0 

1 

-1  1 

1 

^n  *  <t'l  ^-1  *  *2  Xn-2  +  'f’3  ^n-S  + 

♦  4  ^^-4  +  An  -  01  an-i  "  02  An-2 

RANDOM 
WALK  ' 
NOISE 
FM 

+1 

-2 

Xn  =  2  Xn-i  -  Xn-2  +  An  -  0  an-l 

where  0  =  /3  -  2  =•  -0.268 

Where : 

The  a^  are  random,  normal  deviates  with  zero 
mean  and  standard  deviation  Sy,  obtained  from 
Table  2.  The  individual  values  for  the  a,, 
are  given  by: 

®n  “  ’  ^n 

where  the  Pj,  are  random  normal  deviates  with 
zero  mean  and  UNIT  variance. 


*For  the  flicker  noises,  empirical  values  for  the 
phi's  and  the  theta's  can  be  found  in  Table  1. 


The  time  error,  X„,  arising  from  a  linear  frequency 
drift  can  be  computed  from  the  relation: 

Xn  -  2  Xn_i  -  X„_2  +  orm^/u 
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RAW  TIME  ERROR  DATA 


X(t] 

(m?J 


'  ME  (DAYS) 

FlGlo  ACTUAL  DATA  FROM  A  COMPARISON  OF 
A  QUARTZ  CRYSTAL  OSCILLATOR  ANO  LORAN-C 


x(t) 

(us) 


TIME  (OAyS) 

FIG  »b  SIMULATED  DATA  BASED  ON  THREE  ELEMENT  MODEL 


ALLAN  VARIANCE  OF  DATA  IN  FIG  1 


cfi'r: 


r  (s,c) 

FiG  2a  ACTUAL  DATA 


rs  /  •  /; 


AVERAGE  FREQUENCY  OF  DATA  OF  FIG.  1 

(MOTE  DISCRETE  VERTICAL  LEVELS  DUE  TO  TRUNCATION  IN  BOTH  PLOTS) 


'  '  I  '  '  'll  ‘ 

'  vi'v' 

.(ijlCfte,-.! 

!  I  I 


(  •,  1 

TW  ri  li'Ai 


f  \  1 1  , 


Time  (DAYS) 

FfG  3o  ACTUAL  DATA 


y(t) 


J  .1  <  ;  ,  I  ^ 
(  tI 

' '  ii  ' i''’! lii ri'.' 

'  T  i  ■  ‘t/  fir  '  "I '  ,  - 1 .  .  I  . 


,  i- 

'  i: 


■  '•H| 


■i  I* 


Time  (DAYS) 

FiG  It  simulated  data 


PARTIAL  LISTING  OF  DATA 

(GIVEN  IN  MICROSECONDS) 


K)?  ,05  .0*  *o'  10*  FIG  Ao  ACTUAL  DATA  FIG, 4b  SIMULATED  DATA 

T  (S«rl 

FIG  2b  SIMULATED  DATA 
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APPENDIX 


Noise  level  for  simulations  of  white  PM,  white  FM,  and 
random  walk  FM. 

The  Allan  varian  can  be  expressed  in  the  form: 

(T)  =  J_  .  E  [(Xn  -  2X„+n  +  Xn+2N)^]  (A.l) 

where  Xj,  is  the  clock  time  error  at  the  n-th  step, 

T  =  Nxn,,  and  r^i  is  the  time  Interval  between  points. 

We  will  evaluate  the  expression  for  the  second  time 
difference  with  lag-N  for  each  of  the  three  models 
noted  above.  The  a^,  are  normal,  random  numbers  with 
zero  mean  and  variance  • 

A.  White  phase  noise; 

This  is  the  simplest  case  and  one  need  only  recognize 
that : 


n 

Xg  =  5;  (n  -  i  +  l)ai  (A. 9) 

1»1 

Following  the  above,  one  obtains: 

a/  (T)  -  Oa'  (A.IO) 

6Nt„^ 

which  corresponds  to  Eq.  (10)  in  the  text. 
Asymptotically  for  large  N,  this  approaches: 


which  is  the  same  as  Eq.  (8). 
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This  case  can  be  evaluated  with  only  slightly  more  dif¬ 
ficulty  than  white  FM  if  one  notes  that  the  double  sum 
of  the  random  shocks,  a^,  can  be  expressed  in  the  form: 
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BALANCED  FEEDBACK  OSCILLATORS 
Albert  Benjaminson 

S.T.  Research  Corporation,  Newington,  VA 


Introduction 


A  balanced  configuration  for  crystal  oscilla¬ 
tors,  that  extends  the  concept  introduced  by  the 
Meacham  Bridge, ^  is  examined  in  this  paper. 

Through  the  use  of  dual  feedback  paths,  the  analysis 
shows  the  benefits  of  this  approach  by  defining  a 
Q-multipllcation  factor.  This  factor  permits  the 
designer  to  numerically  evaluate  the  improvement 
'n  rate  of  change  of  phase  at  the  resonant  fre¬ 
quency,  and  its  impact  on  short-term  stability. 

Several  new  designs  are  offered  using  both 
integrated  and  discrete  circuits.  A  new  approach 
to  level  control  that  m.aintains  the  high  perfor¬ 
mance  of  the  dual  feedback  approach,  is  discussed 
and  illustrated.  The  analysis  is  also  shown  to  be 
applicable  to  the  Butler  and  similar  series-type 
oscillators,  and  evaluates  the  benefits  of  negative 
feedback  in  crystal  oscillators. 


The  Differential  Crystal  Oscillator 

Let  us  consider  the  characteristics  of  an 
oscillator  using  the  bridge  configuration  as  a  dual 
feedback  network  driving  a  differential  amplifier, 
whose  output  in  turn,  excites  the  bridge.  The 
basic  scheme  is  shown  in  Figure  1. 

The  two  feedback  paths  can  be  considered 
separately,  one  providing  positive  feedback 
through  the  Z^,  Z2  voltage  divider,  and  one  negative 
feedback  through  the  Z3,  Z4  divider.  The  analysis 
that  follows  will  show  that  it  is  desirable  that 
botfi  feedback  ratios,  designated  as  Sp  and  gn,  be 
as  high  as  possible  and  that  the  sustaining  ampli¬ 
fier  have  high  gain  also.  Since  the  objective  is 
to  produce  oscillation  at  one  frequency  only,  a 
resonator  can  replace  any  one  of  the  four  impedances 
and  provide  a  net  positive  feedback  at  its  resonant 
frequency.  A  series  resonant  circuit  in  place  of 
Z2,  or  Z3,  or  an  anti-resonant  circuit  at  Zj,  or 
Z4  will  accomplish  the  desired  result.  This  con¬ 
figuration  produces  a  very  rapid  transfer  from 
positive  to  negative  feedback  off  resonance  and  a 
very  high  value  of  dO/df  around  resonance.  The 
result  is  a  multiplication  of  the  resonator's  Q 
value  and  a  rapid  reduction  of  amplifier  induced 
phase  noise  at  the  close-in  side  band  frequencies. 


This  can  be  demonstrated  by  re-examining 
Figure  1. 


The  basic  equation  for  feedback  amplifiers  is 


A  - 

1-AoB 


(1) 


where  A  Is  the  closed  loop  gain  in  the  presence  of 
a  feedback  ratio  P,  and  an  amplifier  gain  of  Ao. 


In  the  balanced  configuration  shown,  $  is  di¬ 
vided  between  the  two  arras,  Pn  and  Pp,  where 


h _ e  ,  .^1 _ 

Z3  +  Z4  ’  Zi  +  Z2 


(2)(3) 


Substituting  these  for  B  in  equation  (1),  yields 


1-Ao  (6p-6n)  (4) 

For  oscillation  to  occur:  Ao  raust  be  real  and 
positive,  Bp-Bn  must  be  real  and  positive,  and  the 
denominator  must  be  equal  to  zero.  That  is 

6p-en  =  (5) 

The  arrangement  can  be  used  as  a  crystal  oscillator 
if  the  crystal  is  used  in  its  series  resonant  mode, 
and  substituted  for  Z3.  The  crystal  could  also 
be  used  in  its  anti-resonant  mode  at  Z^,  or  Z4, 
but  this  requires  irapractically  high  Impedance 
values  for  Z2  or  Zj,  to  avoid  excessive  damping 
of  the  crystal's  Q  and  does  not  result  in  the  same 
benefits  that  placing  the  crystal  in  the  Z3  position 
provides.  Placing  the  crystal  in  the  Z3  position 
also  produces  a  high  loaded  Q,  plus  the  Q-multipli- 
cation  factor. 


Q  Multiplication 

2 

Healy  has  shown  that  negative  feedback  in  the 
sustaining  amplifier  reduces  the  single  sideband 
phase  noise  component  of  a  crystal  oscillator's 
output,  and  that  the  spectral  density  S((i(f)  is  a 
function  of  oscillator  Q  as  shown  by 

2 

S4,(f)  =  (f)(l  +  (^)  )  (6) 

The  rate  at  which  phase  changes  in  an  oscillator 
circuit  is  dependent  on  the  loaded  Q  of  the  crystal. 
In  most  oscillator  circuits  this  is  less  than  the 
Q  of  the  resonator  alone,  varying  from  50%  to  90%. 

By  considering  the  impedance  of  the  crystal  in  the 
vicinity  of  series  resonance,  we  can  derive  the 
d:^/df  of  the  crystal  alone,  since 


Z  =  R  +  J  “  — 

(i)C 

(7) 

.  .  ii)2LC-l 

^  *  arc  tan  - - — 

(i)C 

(8) 

Since  Q  is  defined  as 

^  uCR 

(9) 

2 

then  ^  =  arc  tan  Q  (w  LC-1) 

(10) 

and  -  .?2!!!LC  _ 

du)  (1  +  (u2lC-1)Q) 

(11) 

At  the  resonant  frequency 

(oo^LC  =  1 

(12) 

and  ^  .  ZQupLC 
du 

(13) 

or  ^  ^ 

du  uo 

(19) 

or  ^  5.  2(2  .rad 
df  fo  ^  Hz  ^ 

(15) 
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Thus  the  Q  of  the  resonator  determines  the  rate 
of  change  of  phase  and  in  turn,  the  sideband  phase 
noise  decay  rate. 


In  calculating  the  d<l>/d<u  rate  for  Che  differen¬ 
tial  oscillator,  assume  that  gp  is  a  constant,  while 
Bn  is  proportional  to  the  crystal  impedance,  so  that 


Ao 


(16) 


(where  K  is  the  negative  feedback  factor.) 


Then 


arc 


K  ((o^LC-1 
uC  (Bp-KR) 


(17) 


Differentiating,  and  setting  u  LC=1  at 

^ 

du  ~  a)"2c  (Bp-KR) 

o 

u  „  1  • 

substituting  0  =  — TCS" 

UqCR 


2Q  . 

iTL-.’ 

(19) 

d(i) 

“o 

Bp-Bn 

d(^  _ 

22  _ 

BnAo 

(20) 

du) 

Uq 

e  Ao  • 

_ 1 

— ,  then 

6p- 

Bn’ 

12  X 

BnAo  .=  12  X  Mq 

(20) 

doj 

UiO 

Wo 

Thus  Che  Q  is  multiplied  by  the  factor  BaAo.  Ob¬ 
viously,  we  cannot  change  the  crystal's  Q  but  we  can 
multiply  its  effect  on  dip/dui  with  combined  positive 
and  negative  feedback  in  which  Che  negative  loop 
includes  the  crystal. 

Figure  3  shows  the  results  of  a  computer  analy¬ 
sis  of  the  negative  feedback  loop  alone.  It  shows 
that  Che  resultant  phase  and  gain  performance  is 
similar  to  that  produced  by  a  crystal  and  amplifier 
operating  in  the  anti-resonant  mode.  There  are  two 
differences  however.  Even  if  the  gain,  Ao  is 
changed  in  magnitude  and  phase,  the  effect  on  closed- 
loop  gain  and  amplitude  performance  is  minimal.  This 
is  due  to  the  relationship  between  overall  gain  A, 
and  amplifier  gain  Ao,  from  Equation  (1) 


A  = 


Ao  _ 
1-AoBn 


Bn 


(21) 


So  that  as  Ao  Increases  in  magnitude,  the  value  of  A 
approaches  the  reciprocal  of  Bn,  and  becomes  in¬ 
creasingly  independent  of  changes  in  Ao. 


The  second  computer  analysis  was  run  on  the 
complete  bridge  circuit  plus  sustaining  amplifier 
Ao,  but  with  neither  loop  closed.  This  is  shown  in 
Figure  4,  and  Illustrates  the  apparent  Q-multlpli- 
cation  that  results  from  the  nearly  balanced  con¬ 
dition  of  the  crystal  bridge. 


Q  Multiplication  in  the  Butler,  and  Series 
Cascode  Oscillators 


It  is  interesting  to  analyze  the  Butler  Oscil¬ 
lator,  using  the  dual  feedback  approach.  As  shown 
in  Figure  2,  this  oscillator  class  can  be  con¬ 
sidered  as  a  dual  feedback  design  since  the  crystal 
is  in  series  with  the  emitter  of  the  sustaining 
amplifier,  providing  negative  feedback,  while  the 
capacitive  voltage  divider  across  the  output  tank, 
provides  positive  feedback. 

The  factors,  Ao,  Bp  and  Bn  can  be  determined  as 
follows: 


Ao  = 

where  re  = 


£1 

re’ 

.026 


1e 


C2 

Bp  =  (neglecting  gic) 
Bn  =  ^ 


(22) 

(23) 

(24) 


The  Q  multiplication  factor  is,  as  before. 
Bn 


Mq 


Bp-Bn 


=  BnAo, 


(20) 


The  Q-factor  is  not  realized  in  practice  unless  Ao 
is  maintained  at  a  high  value.  This  does  not  occur 
when  Bp  is  made  much  larger  than  Bn,  as  is  the  usual 
practice,  since  limiting,  or  ALC,  will  reduce  Ao 
until 


Ao  = 


Bp-Bn 


(5) 


If  Bp  »  Bn,  than  Ao  drops  to  a  low  value, 
greatly  reducing  the  Q-factor. 

The  benefits  of  Q  multiplication  cannot  be 
realized  then,  unless  Bp-Bn  is  maintained  at  a  low 
value  commensurate  with  the  available  value  of 
1  .  Applied  to  Figure  2 
Ao  p 

Mq  =  ^  (25) 

This  is  the  factor  through  which  the  gain  is  re¬ 
duced  by  the  presence  of  the  crystal's  resistance 
in  the  emitter  circuit. 


As  an  example  of  the  magnitude  of  Mq,  assume 
ru=15,  Rx=50,  Rl=1500  then  Ao=100,  6n=.033  and  Bp= 

^  +  .033,  resulting  in  MQ=BnAo“.033  X  100  =  3.3. 


100 


di 

This  represents  the  effective  Increase  in  over 
that  produced  in  a  conventional  single-feedback 
oscillator,  such  as  the  Pierce,  or  Colpltts  types, 
and  helps  to  explain  the  reduction  in  phase-noise 
sidebands  previously  reported  by  Driscoll^  and 
Healy . 


The  Differential  Crystal  Oscillator 

The  basic  principles  of  the  DXO  can  also  be 
Implemented,  as  suggested  earlier,  by  using  a  dif¬ 
ferential  Integrated  circuit  R.F.  amplifier  such  as 
the  CA3001,  CA3040,  or  the  MC1733.  These  amplifiers 
exhibit  voltage  gain  values  from  10  to  400  and  band- 
widths  up  to  50  MHz  without  L-C  circuits,  so  that 
an  essentially  aperiodic  oscillator  can  be  built 
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with  them.  The  basic  circuit  is  shown  in  Figure 

5. 


References 


Mos  I.C.  differential  amplifiers  have  very  low 
output  Impedances  and  can  drive  load  resistances  as 
low  as  500  ohms.  This  allows  the  use  of  resistors 
in  the  feedback  networks,  as  shown,  and  when  com¬ 
bined  with  a  dual  voltage  supply  the  circuit  is 
very  simple.  The  only  adjustment,  once  Bp  and  Ao 
are  selected,  is  to  pick  a  resistor  for  feeding  the 
crystal  so  that  the  proper  value  for  Bn  can  be  ob¬ 
tained. 

It  is  a  simple  matter  to  adjust  this  value  to 
compensate  for  the  variation  in  the  crystal's  series 
resistance,  so  that  a  large  amount  of  excess  gain 
is  not  produced. 

A  more  flexible  design  is  illustrated  in  Figure 
6.  This  uses  a  differential  amplifier  with  a 
resonant  circuit  in  one  collector  lead  and  an  out¬ 
put  load  in  the  other.  The  tuned  circuit  provides 
positive  feedback  through  a  capacitive  divider  to 
one  base,  and  negative  feedback  ghrough  a  divider 
comprising  a  resistor  and  a  crystal  resonator  to 
the  other  base.  The  two  bases  are  tied  together 
for  biasing  by  an  R.F.  choke  to  ensure  an  equal 
division  of  d.c.  current. 

The  result  can  also  be  viewed  as  an  L/C  oscil¬ 
lator,  constrained  by  the  crystal  circuit  to  oscil¬ 
late  only  at  the  series  resonant  frequency  of  the 
crystal . 

The  L/C  ratio  can  be  selected  to  provide  a  wide 
range  of  bandwldths.  A  low  L/C  ratio  will  produce 
a  narrow  bandwidth  suitable  for  use  with  SC-cut  and/ 
or  overtone  mode  crystal  operation.  Higher  L/C 
ratios  can  be  used  for  the  less  critical  fundamental 
modes.  It  is  worth  noting  that  the  tuned  circuit 
is  loaded  by  the  Bn  resistance  at  lUo,  and  is  loaded 
only  by  Rfj  plus  the  input  impedance  of  the  transis¬ 
tor,  at  frequencies  immediately  off  resonance, 

A  better  method  of  obtaining  an  output  signal 
is  to  connect  the  input  of  a  common-base  amplifier 
in  series  with  the  lower  terminal  of  the  crystal. 
Since  current  only  flows  through  the  crystal  within 
its  narrow  pass-band,  the  output  will  contain  less 
noise  than  the  collector  resistor  connection,  and 
will  be  sinusoidal  in  shape. 

Conclusions 

The  dual-feedback  analysis  shows  how  the  bene¬ 
fits  of  negative  feedback  can  be  applied  to  crystal 
oscillators,  namely,  to  provide  Increased  immunity 
to  sustaining  amplifier  noise  and  parameter  changes, 
by  including  the  crystal  in  the  negative  feedback 
path.  This,  combined  with  overall  positive  feed¬ 
back,  produces  an  increase  in  short-term  stability, 
and  reduced  phase  noise. 

Full  realization  of  this  technique  requires 
the  application  of  limiting,  or  level  control,  to 
the  positive  feedback  path.  Instead  of  the  sus¬ 
taining  amplifier's  gain  control. 
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SumtTiary 

Recently,  many  realisations  of  relaxation  quartz 
crystal  oscillators  have  appeared.  They  are  simply 
designed  and  are  insensitive  to  load  and  temperature 
variations.  Also,  they  have  a  small  number  of  compo¬ 
nents  and  their  short-term  frequency  stability  is 
good.  Operating  principle  of  quartz  multivibrator  is 
known  in  the  literature,  but  this  knowledge  is  insu¬ 
fficient  for  analysis  of  oscillating  condition,  osci¬ 
llation  building  up  and  period.  These  calculations 
are  performed  using  topological  methods  of  general 
theory  of  relaxation  oscillations,  that  is  by  phase 
plane  analysis. 

First,  general  electrical  and  mathematical  models 
of  quartz  relaxation  oscillators  are  established. 
Then,  phase  portrait  of  crystal  multivibrator  is  con¬ 
structed.  From  these  results,  oscillating  condition 
and  period  are  calculated.  Also,  oscillation  building 
up  and  relationship  between  flicker  frequency  noise 
level  and  oscillator  parameters,  are  studied.  Optimal 
characteristic  of  active  part  of  oscillator  circuit 
providing  highest  frequency  stability  has  been  disco¬ 
vered.  Explained  results  are  sufficient  for  success¬ 
ful  design  of  relaxation  quartz  crystal  oscillators. 


Introduction 


The  relaxation  oscillator  is  defined  as  an  osci¬ 
llating  system  developing  rapid  and  slow  changes  of 
its  state  during  the  same  period  of  oscillations. 
Recently,  many  realisations  of  relaxation  quartz  osci¬ 
llators  have  appeared  They  are  simply  designed 

and  are  insensitive  to  load  and  temperature  variati¬ 
ons.  Also,  they  have  a  small  number  of  components. 
Their  short-term  frequency  stability  is  good^. 

A  quartz  multivibrator  operating  principle  is  known 
in  the  literature**.  The  quartz  crystal  unit  is  excited 
by  a  voltage  step-function  generated  by  some  current- 
controlled  switch.  As  a  response  the  current  through 
the  crystal  is  generated  in  the  form  of  a  "harmonic 
oscillation".  In  the  steady-state,  the  amplitude  of 
the  quartz  current  is  stabilized  on  the  value  nece¬ 
ssary  for  switching  on  and  off  of  the  current-contro¬ 
lled  switch.  Such  an  approach  provides  a  possibility 
for  an  intuitive  construction  of  various  quartz 


multivibrator  circuits,  but  does  not  enable  investi¬ 
gation  of  the  oscillation  starting,  the  oscillating 
frequency  and  its  stability.  All  these  results  may 
be  obtained  by  the  use  of  the  general  oscillation 
theory  of  relaxation  oscillations.  This  method  is 
used  in  the  present  paper  for  the  quartz  multivibra¬ 
tor  analysis. 

Our  present  discussion  will  be  organised  as  follows 
In  first  section,  the  general  electrical  and  mathema¬ 
tical  model  of  the  quartz-controlled  multivibrators 
is  developed.  In  second  section,  the  typical  phase 
portrait  of  the  quartz  crystal  multivibrators  is 
constructed.  This  phase  portrait  is  subsequently  used 
in  next  section  to  determine  the  oscillation  building 
up  and  oscillation  frequency.  In  fourth  section  we 
consider  the  relationship  between  the  level  of  the 
flicker  frequency  noise,  and  the  crystal  multivibra¬ 
tor  parameters. 


The  Crystal  Multivibrators  Model 

Generally,  there  are  three  types  of  quartz-contro¬ 
lled  relaxation  oscillators.  These  are  collector  coup¬ 
led'"^,  emitter-coupled”  ,  and  complementary  switch^>5 
crystal  multivibrators.  Topologically,  all  these 
circuits  may  be  divided  into  two  classes:  circuits 
with  quartz  crystal  outside  the  feedback  loop  (Fig.l) 
and  circuits  with  quartz  inserted  in  feedback  loop 
(Fig, 2). 

In  the  theory  of  oscillations  each  active  element 
in  oscillator  active  circuit  is  often  modelled  by  its 
static  characteristic'^.  This  approach  is  complicated 
and,  to  our  knowledge,  it  is  more  simple  to  represent 
the  whole  oscillator  active  circuit  by  its  input 
characteristic  i>=  (Fig.l)  or  by  input  and  trans¬ 
fer-characteristics  ,  v=e(i)  (Fig. 2).  These 

characteristics  may  be  obtained  experimentally.  It  is 
the  first  step  in  the  analysis  of  quartz  multivibra¬ 
tors.  The  resistor  R  (Figs. 1,2)  determines  the  singu¬ 
lar  point  of  the  oscillator. 

The  quartz  crystal  unit  is  modelled  by  a  resonant 
equivalent  circuit. 

In  the  theory  of  relaxation  oscillations'*',  it  is 
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well-known  that  the  dynamical  behaviour  of  the  relaxa¬ 
tion  oscillators  is  determined  by  small  (parasitic) 
circuit  parameters  Z  i=0,1,2,..  (Figs. 1,2).  They 
enable  a  rapid  changi'  of  the  multivibrator  state.  An 
important  problem  is  how  to  select  the  minimal  number 
of  parasitic  parameters  to  describe  adequately  the 
behaviour  of  analyzed  relaxation  oscillator.  The  ge¬ 
neral  criterion  for  the  validity  of  the  multivibrator 
electrical  model  is  the  agreement  between  the  calcula¬ 
ted  phase  portrait  based  on  this  electrical  model  and 
the  projections  of  the  phase  portrait  obtained  experi¬ 
mentally  by  means  of  oscilloscope  on  the  realised 
circuit.  The  problem  of  a  parasitic  parameter  selection 
must  be  solved  by  the  trial  and  error  method.  In  our 
experience  the  observing  of  voltage  and  current  time 
diagrams  in  the  oscillator  by  means  of  an  oscilloscope 
may  provide  sufficient  information  for  the  selection 
of  parasitic  parameters.  Thus,  the  trial  and  error 
procedure  is  considerably  shortened.  Namely,  each  pair 
of  points  in  oscillator  ci rcui ts , where  the  step  volta¬ 
ge  change  exists,  has  to  contain  a  parasitic  capacitor 
with  a  small  capacitance.  This  small  capacitance 
enables  the  appearance  of  a  voltage  step  on  the  capa¬ 
citor  with  finite  capacitor  current.  Similarly,  each 
contour  of  the  oscillator  circuit  where  the  current 
has  a  step  change  must  contain  the  parasitic  inductor 
with  a  small  inductance.  Upon  this  preliminary  sele¬ 
ction  of  small  parasitic  parameters,  the  electrical 
oscillator  model  is  established.  Using  Kirchhoff’s 
laws  and  this  electrical  model,  the  mathematical  model 
of  relaxation  crystal  oscillator  is  obtained  in  the 
form  of  a  system  of  nonlinear  differential  equations. 

In  the  theory  of  osci I lations'°  there  is  a  criterion 
for  determining  whether  parasitic  parameters  present 
in  the  mathematical  model  are  really  important  or  ne¬ 
gligible  for  a  multivibrator  operation,  (f  a  parameter 
is  unimportant,  the  assumed  multivibrator  electrical 
model  has  to  be  corrected.  Parasitic  parameters  are 
often  stray  capacitances  and/or  inductances.  Sometimes 
they  are  equivalent  models  representing  some  physical 
processes  in  the  active  part  of  the  oscillator  (for 
example, the  input  impedance  of  a  common  base  transi¬ 
stor  amplifier  is  inductive  in  character  due  to  the 
cut-off  frequency  of  transistor  current  gain). 


-“-S 

dl^  =  “  -  --^(i  -  “c 


(1) 


6u 


The  singular  point(s)  of  this  system 
Uj.=U^q,-£q=0)  is  (are)  determined  by  eqns.: 

rIq  -  ♦do)  =  0 

“o=  Uco=  ♦('o^ 

=  0  . 

It  means  that  the  number  and  the  location  of  singular 
points  can  be  selected  by  a  resistor  R  value  (Fig.l). 

For  easier  manipulation  by  eqns.(l),  we  shall  nor¬ 
malise  the  variables: 


ti  =  V  y 


u  =  V  w 
c 

t*=  (L/R)t 

^H)  =  Rl^i)j(x), 

where  current  I.  is  defined  on  Fig, 3  and  V  is  the  po¬ 
wer  supply  voltage.  The  normalised  form  of  the  static 
characteristic  is  given  on  Fig. 5,  and  its  mathematical 
expression  is: 


For  further  analysis  we  shall  suppose  that  the  sta¬ 
tic  characteristic  of  an  active  part  of  the  oscillator 
on  Fig.l  has  a  piece-wise  linear  form  shown  on  Fig. 3 
and  described  by  equations: 

v=^(i)=  ai  (I)  for  |i|<l^ 

=  b(i-l , )+B’  (II)  for  i  > I j 


lp(x)  =  1  X 

(1) 

for 

|x|<1 

=  ^(x-1)+B 

(II) 

for 

X  >1 

(la) 

=  ^(x+l)-B 

(III) 

for 

X  <-1  , 

=  b(i+l,)-B’  (III)  for  i  <-l,  , 

By  adopting  this  assumption  the  genera)  character  of 
the  analysis  is  not  diminished  because  any  static  cha¬ 
racteristic  can  be  represented  by  its  piece-wise  line¬ 
ar  approximation. We  shall  later  explain  why  this  shape 
of  characteristic  was  adopted. 

The  above  described  electrical  model  of  the  relaxa¬ 
tion  crystal  oscillator  is  shown  on  Fig. 4.  The  small 
capacitance  Cp  is  the  sum  of  a  parallel  crystal  capa¬ 
citance  and  input  capacitance  of  the  active  part  of 
oscillator  circuit.  The  inductor  Lg  represents  a  para¬ 
sitic  input  inductance  of  the  active  part  of  multivi¬ 
brator  whose  static  characteristic  is  given  on  Fig. 3 
(see  reference  11).  The  mathematical  model  of  the 
circuit  from  Fig. 4  has  the  form: 


♦(i)  -  u 


where  B=B’/(RI,).  After  normalisation  equations  (1) 
become : 


Ul^  =  ♦(x)  -  ey  =  Fj  (x,y) 

«2S[  =  '  F2(x,y,z) 


dt 


ey  -  ^z  -  ew 


^  _L_  ' 

“  cr2  "  ’ 


(2) 


where  pi  -  Lp/L  and  U2  “  (RCp)/(L/R)  are  small  parasi¬ 
tic  parameters  and  e  “  V/(Rli).  The  singular  point  is 
determined  as  a  solution  of  equations: 


X  -  i(i(x)  »0 
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y  = 


w  =  -ili(x) 
£ 


dw  _  L  1 

cr2 


z  =  0  . 

Various  crystal  multivibrators  can  be  described  by  such 
a  mathematical  model  consisting  of  nonlinear  differen¬ 
tial  equations. 

Phase  Portrait  of  the  Relaxation  Quartz  Oscillator 


It  is  well  known  that  the  location  and  the  nature 
of  singular  points  determine  the  shape  of  the  phase 
portrait.  It  is  shown  experimentally  that  the  oscilla¬ 
tor  starts  reliably  only  if  the  singular  point  is  uni¬ 
que  and  unstable,  that  is  if  the  singular  point  lies 
in  segment  I  and  if  R  is  larger  than  B’/lj  (Fig.5)- 
This  statement  will  be  confirmed  by  further  analysis. 


are  obtained  from  eqns.(2)  when  and  P2  very 
small.  It  is  the  second  order  system.  The  choice  of  va¬ 
riables  made  here,  that  is  the  selection  of  the  plane 
where  the  phase  subspace  is  projected,  is  limited 
by  the  characteristics  of  function  i|/(x).  If  i(i(x)  does 
not  have  an  inverse  function,  the  selected  plane  has 
to  contain  variable  x.  The  choice  of  another  coordina¬ 
te  is  determined  by  functions  F^(x,y)=0  and  F2(x,y,z)= 
=0.  In  our  case  the  choice  of  variables  (x,y)  gives 
projection  of  the  phase  subspace  L+  providing  small 
information  about  the  phase  portrait,  because  F)(x,y)= 
=0  gives  the  obvious  result:  y  =  il((x)/e.  The  same  re¬ 
sult  is  provided  by  the  choice  (x,z).  The  projection 
of  subspace  L*  on  plane  (x,w)  is  described  by  eqns.: 

(  1  -  t(i’(x))  ^  -  ^x  -  ew  =  P(x,w) 


The  phase  portrait  of  the  relaxation  oscillator  may 
be  calculated  analytically  dividing  the  entire  phase 
space  into  subspace  L,  where  slow  motions  of  the  system 
are  possible,  and  the  rest  of  the  phase  space,  with 
rapid  motions.  Subspace  L  is  defined  by  equations: 

(x,y)  =  i(i(x)  -  cx  =  0 

cl  ^  1  1 

F2(x,y,z)  =  -X  -  y  -  -z  , 


dt 


-  (x  -  i|/(x))  =  Ci(x,w) 
CR^  ^ 


(3) 


Since  function  i()(x)  is  described  by  a  piecewi se-1  i near 
model,  the  equations  of  slow  motions  phase  trajectori¬ 
es  must  be  calculated  for  each  segment  separately. 

In  segment  I  (Fig.5)  we  have  i()(x)=  |x  and  the  uni¬ 
que  singular  point  at  origin.  The  characteristic  equa¬ 
tion  of  system  (3)  is: 


obtained  from  eqns.  (2)  for  and  P2‘*’*^*‘  motio^ 

in  subspace  L  are  actually  slow  only  in  its  part  L 
where  cond i t ions : 


a  a  1  . 

,2  Lr'^R’  .  1.  2 

X  .  -  - -  u  X  +  u)  =  0 

%(1  -  I  )  '^  ' 


('t) 


3x 


and : 

^(F^F^) 
3(x,y)  " 


myx) 

* 

3F, 

3^1 

3x 

3y 

3F2 

3F2 

3x 

3y 

(2a) 


and  its  roots  are: 


L  ,  r  R 


'1.2 


=  -  (  - 


2Q(1  -  1) 


'  •  vT^ 


+  1-1)^ 


- 1)^ 


),  (5) 


where  i/  =  1/(LC)  and  Q  =  (a^l)/r.  For  a>(Rr/(R+r) ) , 
the  singular  point  is  the  unstable  focus,  and  each 
phase  trajectory  is  a  part  of  an  increasing  logari¬ 
thmic  spiral.  The  spiral  is  right  hand  side  and  its 
isoclinic  line  of  vertical  tangents  is: 


are  fulfilled.  Both  these  conditions  reduce  to  the  in 
equal i ty: 


1  /  a  / ,  r . 

e  U'’  ^  -R> 


i('’(x)  <  1  . 

It  means  that  the  system  moves  slowly  in  subspace  L 
for  all  X  except  for  x=-l  and  x=l .  A  part  of  subspace 
L  where  motions  are  rapid  is  labelled  by  L". 

Slow  Motion  of  Crystal  Multivibrator  State 

The  slow  motion  equations: 

F,(x,y)  =  0 

F2(x,y,z)  =  0 

dz  r 

=  cy  -  ^z  -  cw 


The  isoclinic  line  of  horisontal  tangents  is  the 
y-axi s. 


Function  i|)(x)  on  segment  II  has  the  value  i))(x)  = 

=  (b/R) (x-1 )+B.  In  this  segment  the  system  under  con¬ 
sideration  behaves  as  a  system  with  a  singular  point 
at  Xsp=(B-(b/R))/(l-(b/R))=B  ,  Wsp=X5p/e  =  B/e 
(for  b<<R).  Its  characteristic  equation  is; 


'  R^’  R^  ,  2 

- h  ~5  “r 

Q(1  -h  ^  ^ 


(6) 


and  the  roots  are 

I  1  - 

A 


ii'-si  .  y. 

- 1 - - - 


)y 


(7) 


For  b  <  (rR)/(r+R),  the  singular  point  Is  a  stable 
focus,  and  phase  trajectories  in  segment  II  are  parts 
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of  a  decreasing  right  hand  logarithmic  spiral.  The 
isoclinic  line  of  vertical  tangents  of  this  spiral  is 
w  =  (-(r/R)x+B(l+r/R))/e  and  the  isoclinic  line  of  ho- 
risontal  tangents  is  the  line  x  =  B  (for  b«R) . 

In  segment  III  the  relaxation  crystal  oscillator 
behaves  as  a  system  with  a  singular  point  at  Xjp  = 

=  - (B-b/R)/ (1 -b/R)=  -B,  Wj  =  x^p/e  =  -B/e.  The  chara¬ 
cteristic  equation  is  the  iame  as  that  on  segment  It, 
and  the  singular  point  is  a  stable  focus.  Phase  traje¬ 
ctories  are  parts  of  a  right  hand  decreasing  logarith¬ 
mic  spiral  with  an  isoclinic  line  of  its  vertical  and 
horisontal  tangents: 

w  =  1  ( -  Tx  -  6(1  +  -:>) 


on  Fig, 5. in  our  example  the  jump  occurs  from  x  ■  +1 
into  the  vicinity  of  x  =  -1  and  inversely. 


Limit  Cycle  of  the  Crystal  Multivibrator 

The  limit  cycle  is  a  closed  trajectory  in  the  phase 
space  representing  the  sustained  oscillations.  The 
limit  cycle  is  stable  if  all  phase  trajectories,  start¬ 
ing  within  some  subspace  containing  a  limit  cycle, 
approach  this  cycle.  It  means  that  oscillations  are 
sustained  for  small  variations  of  oscillator  parameters. 

Using  Bendixson’s  criterion'®  it  may  be  shown  that 
there  is  no  closed  trajectory  in  the  subspace  of  slow 
motions,  because  expression: 


and  x=  -B,  respectively. 


Rapid  Motion  of  the  Crystal  Multivibrator  State 


Outside  phase  subspace  L  ,  defined  by  conditions 
(2a),  the  oscillating  system  changes  its  state  insta¬ 
ntaneously.  For  small  values  of  parasitic  parameters 
the  equations  of  rapid  motion  of  the  crystal 
multivibrator  state'°  are  obtained  from  eqns.(2)  in 
the  form: 


Pi  ^  =  F,(x,y) 

P2  5^  =  F2(^.y.Zo^ 

2  =  =  const, 

o 

w  =  w  =  const. 


(8) 


BX 


if  +  ^ 

3x  3y 


has  a  constant  sign  on  each  segment  on  Fig. 5  (see  eqns, 
(3)),  It  means  that  harmonic  oscillations  are  impossi¬ 
ble  in  quartz  multivibrators.  Therefore,  only  relaxa¬ 
tion  oscillations  may  exist,  that  is,  only  the  limit 
cycle  consisting  of  parts  of  slow  and  fast  phase  tra¬ 
jectories  may  exist.  The  proof  of  the  existence  of  the 
stable  limit  cycle  may  be  obtained  using  the  point 
transformation  technique!®.  A  simple  intuitive  proof 
can  be  easily  derived  by  noting  that  the  spirals  in 
segments  II  and  III  are  decreasing  and  right  hand  and 
that  singular  points  are  located  on  the  line  w=x/e. 


Based  on  the  foregoing  results,  the  phase  portrait 
of  quartz  relaxation  oscillator  having  nonlinearity 
ip(x)  as  on  Fig. 5  with  b=0  (see  eqns, (la))  is  constru¬ 
cted  and  shown  on  Fig. 6.  The  experimentally  obtained 
shape  of  the  limit  cycle  of  a  complementary  switch 
crystal  multivibrator''  is  shown  on  Fig. 7  to  certify  the 
validity  of  this  analysis. 


where  variables  z  and  w  remain  unchanged  during  rapid 
motion.  In  the  analysis  of  oscillating  systems  in  which 
rapid  motions  are  instantaneously  transformed  into 
slow  motions  (e.g.  for  crystal  relaxation  oscillators 
with  small  p.)  it  is  unnecessary  to  solve  equations 
(8)  for  determining  rapid  phase  trajector ies'°.  Namely, 
in  this  case  the  so-called  jump  condition: 


The  Analysis  of  Oscillations 


The  phase  portrait  of  a  relaxation  quartz  oscilla¬ 
tor  contains  sufficient  data  for  calculating  the  osci¬ 
llation  condition,  building  up  and  period  of  oscilla¬ 
tions. 


F,(x‘,y‘)  =  F,(x‘",y‘")  =  0 


F2(x  ,y  ,z^)  »  F2(x''’,y''',z^)  =  0 


y’  =  y""  =  Yo  . 

is  fulfilled.  It  means  that  the  jump  initiates  at  po¬ 
ints  (x" ,y“ ,z" ,w')  where  slow  motion  of  the  system  is 
impossible  (That  is  on  boundary  of  subspaces  L"*"  and 
L")  and  it  finishes  at  points  (x+,y+,z+,wt)  within 
subspace  L+. 

For  a  projection  of  the  phase  space  on  plane  (x,w), 
the  jump  starts  either  at  point  x“«+l  or  x"“  -  1  and 
finishes  at  the  point  determined  by  equation; 

x'*’  -  X  -  i(i(x''')  -  i(i(x')  . 

Variable  w  remains  constant.  For  function  i|)(x)  shown 


Oscillation  Condition 


For  reliable  starting  of  oscillations  the  quartz 
multivibrator  must  have  unstable  singular  points  only. 
It  means  that  the  singular  point  has  to  lie  in  segment 
I  on  Fig, 3,  that  is  that  inequality  RI.>B’  must  be  ful¬ 
filled.  Then  the  singular  point  is  unique.  The  chara¬ 
cter  of  this  singular  point  is  determined  by  the  real 
part  sign  of  roots  (eqns, (5))  which  must  be  positive 
for  the  starting  of  oscillations.  This  condition  is 
illustrated  on  Figs. 8(a) , (b) .  We  see  that  for  each 
value  of  active  circuit  parameter  a  ,  there  is  a  wide 
range  of  values  of  resistor  R  providing  starting  of 
oscillations  (Fig, 8(a)),  From  Fig. 8(b),  follows  that 
oscillator  controlled  by  crystal  whose  series  resonant 
resistance  is  r  ,  will  operate  without  modifications 
with  any  crystal  whose  resistance  is  either  equal  or 
smaller  than  Tq. 


Building  up  of  Oscillations 


337 


(12) 


The  oscillations  start  from  the  singular  point  with 
exponentially  rising  amplitude.  They  are  represented 
by  the  increas i ng  logarithmic  spiral  on  segment  I  in 
the  phase  portrait  (Fig, 6).  Since  the  spiral  step  is 
proportional  to  the  reciprocal  value  of  the  crystal  Q 
factor,  the  oscillations  build  up  with  very  large  time 
constant.  From  imaginary  parts  of  roots  given  by  eqns. 
(5), (7).  we  see  that  frequencies  in  building  up  and  in 
the  steady  state  of  oscillations  are  different. 


Period  of  Osc i 1 1  at  ions 


The  first  approximation  in  calculating  the  relaxa¬ 
tion  oscillator  period  is  that  rapid  motions  are  insta¬ 
ntaneous.  If  parasitic  parameters  are  small  the  osci¬ 
llating  period  may  be  calculated  by  integrating  slow 
motion  equations  (3)  onto  those  parts  of  the  limit  cy¬ 
cle  where  slow  motions  occur'®. 


To  omit  further  calculations  we  are  demonstrating 
the  case  when  slow  motions  in  all  parts  of  limit  cycle 
have  the  same  velocity  (see  imaginary  part  of  eqn.(7) 
and  Figs. 6, 7).  At  the  same  time  this  case,  when  osci¬ 
llation  frequencies  on  each  slow  motion  segment  of  the 
limit  cycle  are  the  same,  gives  the  highest  frequency 
stability  of  relaxation  oscillations.  Namely  when  ope¬ 
rating  conditions  of  a  circuit  active  part  are  changed, 
the  relationship  between  the  slow  motion  parts  of  the 
limit  cycle  is  transformed.  This  leads  to  the  change 
of  frequency  in  all  cases  where  the  oscillating  fre¬ 
quencies  on  various  limit  cycle  parts  differ. 


From  the  above  discussion  and  eqn.(7)  the  oscilla¬ 
ting  period  for  circuit  under  consideration  is: 


=  2r, 


that  is,  in  real  time: 


T>  = 


liQ^I  - 


V  i4Q"(l  -  -  (1  -  ^(1  +  ^)) 


(10) 


(10a) 


Two  very  interesting  conclusions  stem  from  the  last 
expression.  First,  that  the  high  Q  factor  of  the  quartz 
crystal  unit  decreases  influence  of  circuit  parameter 
(b,r,R)  variations  on  frequency  stability,  and  second, 
that  the  optimal  nonlinear  static  characteristic  of 
oscillator  active  circuit  must  contain  slow  motion 
parts  of  the  limit  cycle  in  segments  whose  slope  (that 
is  resistance)  is  zero.  For  the  circuit  under  conside¬ 
ration  it  means  that  b  (Fig. 5)  has  to  be  small. 


Crystal  Multivibrator  Flicker  Frequency  Noise 


An  empirical  law  relating  the  spectral  density  Sy(f) 
of  the  fractional  frequency  fluctuations  y  =  of 

a  quartz  crystai  resonator  to  the  quality  factor  Q  is 
known : 


Sy(f) 


62 

(Q^‘ 


(11) 


Recently,  a  simple  derivation  of  this  law  and  explana¬ 
tion  of  the  nature  of  flicker  frequency  fluctuations 
in  quartz  crystal  oscillators  were  given  in  reference 
12,  The  entire  free  osci  Mating  system  of  the  quartz 
crystal  oscillator  is  modelled  by  equation: 


X  +  2yx  +  ii)  X  = 

o 


0  , 


If  the  natural  frequency  and  Q  factor  are  defined  as: 


(U 


(13) 


respectively,  then  the  power  spectral  density  of  fra¬ 
ctional  frequency  fluctuations  is  calculated  as'^: 


<(6u))>  , 

Sy(f)  =  - V  =  -4 

'  <Li  >  1  6Q  <y> 


(lit) 


According  to  the  quantum  theory  of  t/f  noise,  it  is 
shown12  that  the  variance  of  fluctuations  of  the 
dissipative  constant  is: 


2  2 
<(6y)  >  / 


oA/f , 


where  a  and  A  are  constants  of  the  resonator  material. 


Consequently,  the  flicker  frequency  noise  is  caused 
by  fluctuations  of  the  total  dissipative  constant  y- 
Using  eqns. (6) ,  (1 2) ,  (1 3)  and  assumption  that  rapid 
motions  are  instantaneous,  we  calculate  the  value  of 
the  entire  oscillator  Q  factor; 


^eff 


(1  -  1)^ 


-  b(i 


1 


-  b 


r  -t-  R  • 
r  R 


Consequently  the  power  spectral  density  of  fractional 
frequency  fluctuations  is(lA); 


S  (f) 

y 


const. 


(1 


r  +  R,4 
'  rR  ’ 


1 

f  • 


Quartz  crystal  unit  Q  factor  is  labelled  by  Q.  From 
the  last  expression  it  follows  that  oscillators  with 
optimal  active  part  circuit  characteristic  (that  is 
with  b=0  Fig.3)>  have  the  smallest  level  of  the  fli¬ 
cker  frequency  noise.  This  result  is  confirmed  expe¬ 
rimentally  on  a  crystal  multivibrator  with  compleme¬ 
ntary  switch^.  Optimal  operating  conditions  are  provi¬ 
ded  by  R=2k!J, r=l 280, b=5n  and  Q=2Mo5.  The  measured 
level  of  flicker  frequency  noise  is:  S  (f )=5‘ 1o"^' /f , 
and  the  value  calculated  using  eqn.(nj'^  is; 

Sy(f)  =  1o"^'/f  .  It  confirms  that  1/f  noise  of  rela¬ 
xation  crystal  oscillator  with  optimal  nonlinear  cha¬ 
racteristic  is  determined  only  by  quartz  crystal  unit 
Q  factor. 


Conclusions 


The  relaxation  crystal  oscillators  were  analysed 
by  phase  plane  method.  This  approach  is  not  familiar 
to  most  engineers  but  it  gives  a  complete  insight  into 
circuit  operation.  In  this  paper,  general  electrical 
and  mathematical  models  of  a  crystal  multivibrator  and 
its  phase  portrait  were  established.  Based  on  these 
results,  oscillating  condition,  oscillation  building 
up  and  period,  and  level  of  flicker  frequency  noise 
of  power  spectral  density  Sy(f)  were  studied.  It  was 
shown  that  relaxation  crystal  oscillators  have  the 
highest  frequency  stability  if  the  active  part  of  the 
oscillator  circuit  has  small  resistance  between  con¬ 
trol  inputs  during  slow  exchange  of  mul tl vibrator  state. 
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Design  conclusions  may  be  easily  drawn  from  the  fo¬ 
regoing  analysis. 
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Figure  1.  Model  of  crystal  multivibrators  with  quartz 
crystal  outside  the  feedback  loop. 


Figure  2.  Model  of  crystal  multivibrators  with  quartz 
crystal  unit  inserted  in  the  feedback  loop. 


Figure  3.  Supposed  static  characteristic  of  active 
part  of  oscillator  from  Fig.1,  piecewise- 
1  inear  approximation. 


Figure  4.  General  electrical  model  of  crystal 
multivibrator  from  Flg.1. 
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Figure  7,  Experimentally  obtained  limit  cycle 
((x,w)  plane)  for  circuit  from  Fig.1 
with  characteristic  as  on  Figs. 3, 5. 


(b) 

Figure  8,  Illustration  of  dependence  of  oscillating 

condition  from  circuit  parameters  (see  Fl^l) 
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ABSTRACT 

The  Navstar  Global  Positioning  System  (GPS)  is  a 
':atellite-based  radio  'avlgation  and  positioning 
ystem  being  developed  by  the  U.S.  Government.  GPS 
will  provide  extremely  accurate  three-dimensional 
position,  velocity,  and  timing  information  on  a  world¬ 
wide  and  continuous  basis  to  an  unlimited  number  of 
suitably  equipped  users.  This  paper  reviews  the  status 
of  the  overall  GPS  program  and  the  Magnavox  User 
Equipment  Full  Scale  Engineering  Development  (FSED) 
Program.  The  current  schedule  for  the  Space  and  Con¬ 
trol  segments  are  presented  through  the  courtesy  of 
the  GPS  Joint  Program  Office.  Technical  difficulties 
initially  experienced  by  Magnavox  have  been  largely 
resolved  and  the  various  host  vehicle  user  equipment 
sets  are  rapidly  being  made  available  for  support  of 
the  ongoing  field  test  program.  A  substantial  amount 
of  informal  testing  and  some  formal  testing  have  been 
accomplished.  These  initial  test  results  are  dis¬ 
cussed.  The  oscillator  is  a  key  item  in  the  GPS 
receivers.  Its  performance  directly  affects  the  navi¬ 
gation  solution  accuracies  desired.  This  paper  pre¬ 
sents  new  information  and  test  results  of  receiver 
performance  in  the  laboratory  and  Installed  on  mili¬ 
tary  ships,  aircraft,  and  land  vehicles,  of  the  latest 
production  GPS  Phase  II  equipment  from  Magnavox, 
Including  environmental  effects  on  the  oscillator. 
Test  results  of  the  oscillator  alone  in  the  laboratory 
are  shown.  Also  discussed  are  the  present  baseline 
GPS  Phase  II  and  Phase  III  oscillator  performance 
requirements  and  the  requirements  for  other  future  GPS 
oscillators,  as  the  GPS  program  nears  the  Phase  III 
production  award.  Discussed  are  key  performance 


parameters,  part  screening  levels,  size,  cost  drivers, 
and  quantities  required. 

INTRODUCTION 

GPS  is  a  satellite-based,  L-band  radio  navigation  sys¬ 
tem  designed  to  provide  global,  all-weather,  24-hour, 
accurate  navigation  to  an  unlimited  number  of  autho¬ 
rized  users.  The  three  GPS  segments;  space,  ground 
control,  and  user  equipment  are  under  development  by 
the  U.S.  Department  of  Defense  (DoD)  and  are  scheduled 
to  become  fully  operational  in  1989.  In  the  interim, 
4  or  5  GPS  satellites  provide  several  hours  of  concur¬ 
rent  signal  coverage  each  day  on  a  world-wide  basis, 
depending  on  user  location  and  receiver-to-satelllte 
geometry.  The  current  satellite  constellation  can  be 
used  for  test  and  development  purposes,  and  for  mis¬ 
sions  scheduled  around  the  availability  of  the  satel¬ 
lite  signals.  GPS  provides  highly  accurate  three- 
dimensional  position  and  velocity  information  along 
with  Coordinated  Universal  Time  (UTC)  to  suitably 
equipped  users.  The  "real  time"  navigation/position 
determinations  are  based  on  measuring  the  satelllte- 
to-user  transit  times  of  modulated  L-band  signals 
broadcast  by  the  GPS  satellites.  For  navigation,  an 
absolute  accuracy  of  100  meters  is  planned  to  be  made 
available  to  general  systems  users.  Higher  accuracy, 
specified  as  position  within  16  meters,  velocity 
within  0.1  meters/second,  and  time  within  100  nanosec¬ 
onds  will  be  available  to  the  U.S.  and  NATO  military 
and  other  users. 

Referring  to  Figure  1,  the  GPS  concept  validation  pro¬ 
gram  (Phase  I)  was  completed  in  mid  1979.  Full  scale 
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Figure  1 .  GPS  Program  Schedule 
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development  and  system  test  (Phase  II)  is  scheduled 
for  completion  in  January  1985,  after  which  production 
of  user  equipment  (Phase  III)  will  begin.  Initial 
Operational  Capability  (IOC)  will  be  reached  in  1988 
when  10  to  12  of  the  production  satellites  are  in 
orbit  and  two-dimensional  navigation  is  achievable  in 
most  areas  of  the  world.  Full  Operational  Capability 
(FOC)  is  scheduled  for  1989,  when  it  will  be  possible 
to  achieve  continuous,  three-dimensional  navigation, 
on  a  world-wide  basis,  as  the  number  of  GPS  satellites 
in  orbit  is  increased  to  the  full  constellation  of 
eighteen . 

Magnavox  is  one  of  two  contractors  working  on  the 
Phase  II  User  Equipment  Full  Scale  Engineering  Devel¬ 
opment  (FSED)  Program.  Parallel  contracts  were  awarded 
in  July  1979  and  are  resulting  in  a  quantity  of  user 
equipment  sets  from  each  contractor  for  testing  on 
various  military  host  vehicles  by  the  Government. 
These  tests  will  be  conducted  under  formal  Development 
Test  and  Evaluation  (DT&E)  and  Initial  Operational 
Test  and  Evaluation  (lOT&E)  ground  rules.  The  User 
Equipment  development  program  has  encountered  substan¬ 
tial  difficulties  which  have  caused  schedule  delays. 
Both  contractors  are  now  in  the  process  of  delivering 
various  configurations  of  host  vehicle  sets  for  the 
DT&E  phase  of  the  Government's  test  program. 

Magnavox  is  currently  supporting  Informal  and  formal 
field  testing  with  one-channel,  two-channel  and  five- 
channel  sets  on  various  military  host  vehicles.  Pre¬ 
liminary  test  results  indicate  excellent  accuracy, 
resistance  to  jamming,  and  quickness  of  signal  acqui¬ 
sition  and  reacquisition.  Test  personnel  have 
expressed  favorable  reactions  to  the  "user  friendli¬ 
ness"  of  the  equipment. 

The  equipment  has  been  designed  to  have  minimum 
installation  impact  on  host  vehicles  and  to  be  amen¬ 
able  to  natural  product  upgrading,  without  major 
redesign,  as  new  technology  becomes  available.  This 
is  the  result  of  Pre-Planned  Product  Improvement  (P'^I) 
as  well  as  specific  product  design  features  that 
reduce  initial  acquisition,  installation,  and  total 
life  cycle  cost. 

Magnavox  has  built  a  GPS  System  Simulator  -  Multiple 
Channel  Signal  Generator  (MCSG) ,  which  has  been  used 
to  support  the  development  and  evaluation  of  the  GPS 
User  Equipment.  Intermediate  Maintenance  and  Test 
Sets  (IMTS)  have  been  built  for  use  in  check  out  and 
maintenance  of  the  Phase  II  User  Equipment. 


SYSTEM  DESCRIPTION 

GPS  consists  of  three  segments:  the  space  segment,  the 
ground  control  segment  and  the  user  segment  (Figure 
2).  When  the  operational  space  segment  is  completed 
in  1989,  a  constellation  of  18  satellites  will  circle 
the  earth  in  nominal  10,900  nautical  mile  orbits  with 
a  period  of  12  sidereal  hours.  The  constellation  will 
be  configured  in  six  55°  inclined  orbital  planes  of 
three  satellites  each.  The  configuration  of  the  con¬ 
stellation  has  as  its  objective,  direct  llne-of-slght 
navigation  signals  from  at  least  four  satellites  to 
any  point  on  or  near  the  surface  of  the  earth  on  a 
continuous  basis. 

Each  operational  GPS  satellite  will  have  a  mean  mis¬ 
sion  duration  of  6  years  and  a  design  life  of  7.5 
years.  Electrical  power  is  supplied  by  two  solar 
energy  converting  panels  that  continually  track  the 
sun  and  charge  on-board  batteries  for  use  when  the 
earth  blocks  the  sun.  Each  GPS  satellite  has  an 
on-board  propulsion  system  for  maintaining  orbit 
position  and  for  stability  control. 

Each  satellite  transmits  navigation  signals  on  two 
L-band  frequencies;  LI  (1575.42  MHz  or  19  cm  wave¬ 
length)  and  L2  (1227.6  MHz  or  24  cm  wavelength).  Both 
LI  and  L2  signals  are  quadriphase  modulated  by  pseudo¬ 
random  digital  sequences  consisting  of  a  Precision  (P) 
code  and  a  Coarse  Acquisition  (C/A)  code.  These  pseu¬ 
dorandom  digital  sequences  are  used  for  ranging.  The 
signals  also  contain  a  navigation  message  which  pro¬ 
vides  satellite  position,  time  (from  an  on-board 
atomic  frequency  standard) ,  and  atmospheric  propaga¬ 
tion  correction  data  generated  by  the  ground  control 
segment.  The  P-code  is  transmitted  on  two  frequencies 
to  permit  users  to  correct  for  frequency  sensitive 
propagation  delay  anomalies. 

The  current  ground  control  segment  has  four  monitor 
stations  located  at  Guam,  Hawaii,  Alaska,  and  Vanden- 
berg  AFB  in  California.  The  Master  Control  Station 
and  Data  Up-load  Station  are  located  at  Vandenberg. 
The  monitor  sites  track  the  satellites  via  their 
broadcast  signals  as  they  come  into  view.  The  Master 
Control  Station  collects  the  tracking  data  and  gener¬ 
ates  a  navigation  message  which  is  uploaded  to  each 
satellite  memory  by  way  of  an  S-band  telemetry  link  on 
a  dally  basis.  In  this  way,  each  satellite  Is  able  to 
broadcast  an  accurate  description  of  its  position  as  a 
function  of  time.  System  time  can  also  be  derived 
from  these  broadcasts. 


SATELLITE  SEGMENT 

•  18  SATELLITES  IN 
SIX  ORBITAL  PLANES 

•  12  HOUR  ORBITS  OF  10.900  MILES 


CONTROL  SEGMENT 

•  PASSIVE  MONITORS 

•  UPLOAD  CONTROL 


Figure  2,  The  Three  Segments  of  the  Navstar  GPS 
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The  user  segment  may  consist  of  ground-based,  marine, 
airborne,  or  spaceborne  platforms,  equipped  with  GPS 
receiver/processors  capable  of  tracking  four  satellite 
signals  either  simultaneously  or  sequentially.  The 
receiver/processor  selects  the  optimum  four  satellites 
to  track  that  provide  the  best  geometry  for  accurate 
position/navigation  solution.  As  the  satellites  con¬ 
tinue  their  orbits,  the  receiver/processor  drops  each 
satellite  with  marginal  geometry  as  a  different  satel¬ 
lite  with  better  geometry  becomes  available.  Position 
Is  computed  by  making  time  of  arrival  (TOA)  measure¬ 
ments  on  the  P  or  C/A  code  transmitted  from  discrete 
satellite  positions  as  defined  by  the  navigation  mes¬ 
sage.  Each  set  of  four  TOA  measurements  permits 
calculation  of  the  four  Independent  variables  of  lati¬ 
tude,  longitude,  altitude,  and  user  clock  offset 
(Figure  3). 

Velocity  is  computed  by  making  doppler  measurements  on 
the  transmitted  carrier  frequency.  Each  set  of  four 
doppler  measurements  is  processed  to  calculate  the 


four  independent  variables  of  3-D  velocity  and  user 
oscillator  clock  drift. 

Navigation  is  accomplished  via  a  Kalman  Filter,  which 
propagates  a  continuous  navigation  solution  based  on 
the  TOA  and  doppler  measurements.  Use  of  the  filter's 
propagation  capability  permits  temporary  operation  on 
fewer  than  four  satellites. 

The  oscillator  is  a  critical  item  in  the  GPS  receiver, 
especially  for  military  use.  The  requirements  demand 
state-of-the-art  oscillator  performance  in  stability, 
phase  noise,  warm  up,  temperature,  low  power,  and 
vibration  (g)  sensitivity.  Its  performance  has  direct 
Influence  on  the  GPS  system  performance  as  shown  in 
Figure  4.  Unfortunately,  all  parameters  must  be  met 
simultaneously  during  some  missions.  The  GPS  Phase  II 
and  Phase  III  requirement  demands  the  best  available 
in  each  category.  As  can  be  seen  from  Figure  4  and 
Figure  5,  the  oscillator's  characteristics  have  multi¬ 
ple  complex  effects  upon  the  GPS  receivers. 


•  RECEIVE  SYNCHRONIZED  SIGNALS  FROM  SATELLITES 

•  MEASURE  RANGE  AND  DOPPLER  TO  EACH  SATELLITE 

•  COMPUTE  THREE  COORDINATES  OF  USER  POSITION  AND  USER  CLOCK 
BIAS,  AND  DETERMINE  VELOCITY 


Figure  3.  User  Equipment  Solves  Four  Simultaneous  Equations  to  Determine  Position  and  Time 


DELTA  RANGE 
/  MEAS.  ACCURACY, 

(  IMPACT  ON  NAV 
\  SOLUTIONS  IN-FLIGHT 
ALIGNMENT 


OSCILLATOR 

WARM-UP  TIME 

POWER  AND 

SIZE 

SPECTRAL  PHASE 

NOISES 

G-SENSITIVITY 

LONG  TERM 
STABILITY 
('15  MIN) 

SHORTTERM 
STABILITY 
(0.1  -  1  SEC) 

MEDIUM  TERM 
STABILITY 

t  -10SEC  |l0-100SEC 

Figure  4.  GPS  Performance  Drives  Oscillator  Requirements 
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ACCELERATION  PERFORMANCE 
IMPLEMENTATION  LOSS 
DATA  OEMOO 
GRANGE  (ACCELERATION) 

TTSF 
TTFF 
REAC 

Figure  5.  GPS  Sensitivity  to  Oscillator 
Characteristics 

Depending  on  the  CPS  user,  these  parameters  can  be 
traded.  The  military  use  requires  full  performance 
oscillators,  while  the  commercial  receivers  can  use 
much  lower  performance  and  lower  cost  oscillators. 
There  is  also  a  possibility  of  using  different  per¬ 
formance  level  oscillators  for  different  platforms. 
However,  this  complicates  the  logistics  plan  and  Is 
not  compliant  with  the  goal  of  commonality  of  modules 
and  parts  across  users  and  platforms  that  has  been 
achieved  in  the  Magnavox  design. 

PROGRAM  STATUS 

Space  and  Control  Segments 

The  current  schedules  for  the  Space  and  Control  seg¬ 
ments  have  been  provided  through  the  courtesy  of  the 
GPS  Joint  Program  Office  and  are  shown  in  Figures  6A 
and  6B.  The  GPS  test  constellation  consists  of  a  lim¬ 
ited  number  of  developmental  satellites  configured  in 
two  planes.  Inclined  at  63°  with  respect  to  the  equa¬ 
tor.  This  conf IguraLion  allows  for  approximately  two 
to  four  hours  of  testing  each  day  in  selected  areas 
of  the  globe  and  is  optimized  to  support  government 


testing  within  the  continental  United  States.  This 
test  configuration  is  currently  made  up  of  five  oper¬ 
ating  satellites.  Two  of  the  seven  operational  satel¬ 
lites  have  been  turned  off  due  to  malfunction.  The 
current  plan  is  to  maintain  a  minimum  constellation  of 
five  satellites  for  the  completion  of  the  test  and 
evaluation  period  for  the  system  (Figure  6C) . 

In  1983  the  DoD  completed  the  award  of  a  contract  for 
production  of  twenty-eight  operational  satellites. 
Present  launch  plans,  by  way  of  the  Space  Shuttle, 
provide  for  a  constellation  of  10  to  12  operational 
satellites  by  early  1988.  At  that  time,  a  continuous, 
worldwide,  two-dimensional.  Interim  Operational  Capa¬ 
bility  (IOC),  with  partial  three-dimensional  capabil¬ 
ity,  will  be  achieved.  Full  three-dimensional  Final 
Operational  Capability  (FOC)  will  be  achieved  in  early 
1989. 

With  the  Introduction  of  these  second  generation  GPS 
satellites,  the  U.S.  Government  will  have  the  ability 
to  Implement  the  selective  availability  of  signals  for 
military  and  civilian  users. 

User  Equipment  Segment  -  Phase  II 

The  User  Equipment  Full  Scale  Engineering  Development 
Program  provides  for  design,  development  and  manufac¬ 
ture  of  a  quantity  of  user  equipment  sets.  These  sets 
are  allocated  between  various  host  vehicles.  A  C-lAl 
aircraft  and  an  M-35  truck  are  used  to  support  the 
DT&E  activities  exclusively.  The  aircraft  carrier, 
DH-60  helicopter,  manpack,  M-60  tank,  SSN  submarine, 
F-16  fighter  aircraft,  B-52  bomber  and  A-6E  attack 
aircraft  are  host  vehicles  for  both  DT&E  and  lOT&E 
activities.  Test  activities  are  divided  into  four 
basic  phases;  System  Integration  Laboratory  (SIL) , 
Modification  Center,  Development  Test  and  Evaluation 
(DT&E)  and  Initial  Operational  Test  and  Evaluation 
(lOT&E). 


CALENDER  YEAR 


82 

83 

84 

85 

86 

BLOCK  I 

SPACECRAFT 

LAUNCHES 


BLOCK  II 
SPACECRAFT 


Figure  6A.  GFS  Space  Segment  Schedule 
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BLOCK  I  SATELLITES 


NAVSTAR 

NUMBER 

POSITION 

NUMBER 

PRN 

NUMBER 

ACTIVE 

COMMENTS 

1 

4 

4 

• 

CRYSTAL  OSC-DRIFT  PROBLEM-HEALTHY 

2 

- 

7 

NO  LONGER  IN  SERVICE 

3 

6 

6 

• 

HEALTHY 

4 

3 

8 

• 

HEALTHY 

5 

1 

5 

TURNED  OFF  -  MAY  REACTIVATE 

6 

5 

9 

• 

HEALTHY 

7 

- 

1 

DESTROYED  ON  LAUNCH  PAD 

8 

2 

11 

• 

HEALTHY 

9 

13 

LAUNCH  DELAYED-  AS  REQD. 

10 

12 

DUE  FOR  LAUNCH  -  AS  REQO. 

11 

3 

DUE  FOR  LAUNCH -AS  REQD. 

BLOCK  II  SATELLITES  TO  BE  LAUNCHED  BEGINNING  OCT  1986  BY  SPACE  SHUTTLE 


484  2166 


Figure  6C.  GPS  Test  Constellation  Status 


Magnavox  user  equipment  sets  are  currently  being  sup¬ 
plied  for  the  various  test  host  vehicles.  Some  of 
these  sets  a.e  still  being  Integrated  Into  their  host 
vehicle  System  Integration  Laboratories  (SILs).  Others 
are  already  Installed  In  the  operational  host  vehicles 
and  are  being  prepared  for  DT&E.  Figure  7  shows  the 
general  arrangement  of  the  palletized  GPS  Installation 
In  the  C-141  aircraft  for  DT&E.  Figure  8  shows  the 
sequence  from  SIL  to  a  typical  operational  vehicle 
(F-16)  for  Operational  Readiness  (OR)  testing.  At  this 
time,  hardware  units  for  the  eight  host  vehicles  are 
nearly  completed  and  In  various  stages  of  final  sys¬ 
tems  Integration  and  test. 


RATO 


Phase  IIB  equipment  Is  also  being  manufactured  at 
Magnavox  In  response  to  contracts  with  German  and 

France  Government  customers.  We  are  completing 
the  final  assembly  and  check-out  of  a  5-channel 

set  for  use  on  a  German  submarine  and  a  2-channel 

set  for  Installation  on  a  German  Mlnehunter.  For 

France,  we  are  building  a  5-channel  set  for  submar¬ 
ine  use,  a  2-channel  set  for  the  Hydrographic  Service 
and  an  Air  Force  transport  aircraft,  and  a  1-channel 
set  to  be  utilized  for  manpack  and  helicopter  use. 
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Figure  7.  Initial  Flight  Testing  Began  in  a  C-141  Pallet  Installation 


MODIFICATION  CENTER 


DEVELOPMENT  TEST  AND  EVALUATION 
AND 

INTERIM  OPERATIONAL  TEST  AND  EVALUATION 


Figure  8.  User  Equipment  From  the  Factory 
Installed  on  the  Host  Vehicle  and  Tested 


la  Checked  Out  in  a  System  Integration  Lab,  then 
Again,  before  Proceeding  to  DT&E,  and/or  lOT&E. 


Magnavox  currently  has  an  approved  manufacturing 
license  with  Plesscy  of  the  United  Kingdom,  TRT  in 
France,  Elmer  of  Italy,  and  Japanese  Aerospace  Elec¬ 
tronics  (JAE)  of  Japan  are  working  with  Magnavox  under 
Individual  Memorandum  of  Understandings  which  in  time 
will  lead  to  manufacturing  licenses  for  GPS  User 
Equipment  in  each  of  these  countries. 

OSCILLATORS 

Magnavox  has  been  testing  and  evaluating  oscillators 
for  GPS  cince  1968  on  the  621B,  Tlmatlon,  MX-450,  GPS 
Phase  I,  GPSPAC,  and  GPS  Phase  II  programs.  A  previ¬ 
ous  Magnavox  paper  on  the  GPS  oscillator  requirements 
outlined  the  requirements  for  the  Phase  I  Manpack 
Set.  Figure  9  shows  the  Phase  II  and  Phase  III 
oscillator  key  parameters  for  User  Receivers,  and  some 


of  the  actual  test  results  of  the  present  HP  oscil¬ 
lator  used  in  GPS  Phase  II.  It  is  an  excellent  high 
performance  unit.  The  oscillator  is  tested  in  the 
laboratory  during  qualification  and  in  the  field  on 
the  vehicles  at  oscillator  temperatures  up  to  Sl'C  and 
sine  vibration  levels  up  to  15  g's  and  random  vibra¬ 
tion  levels  up  to  0.3  g's/Hz  at  the  oscillator.  Oscil¬ 
lators  are  also  used  in  the  GPS  transmitter  simulators 
(WFGs)  and  the  IMTS.  These  are  not  discussed  here. 

At  present,  the  key  performance  parameters  that  limit 
the  GPS  receiver's  performance  are  the  warm  up  at  cold 
temperatures  and  the  vibration  g-sensitlvlty .  The 
slower  warm  up  time  means  that  a  user  has  to  wait 
longer  for  navigation  solution.  The  g-scnsitlvity  is 
more  Important  and  critical,  in  that  the  excellent 
oscillator  static  short  term  stability  and  phase  noise 
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PARAMETER 

q3  REQUIREMENT 

02  CAPABILITY 

MAIN  ORIVER(S) 

WARM-UPTIME 

1  K  10~^  IN  5  MIN/ 
-40“C/+81“C 

2.5M@25®C 

6.5M@-40“C(t7W) 

TTFF&REAC 

STABILITY 

SHORTTERM 

0.1  -100  SEC 

5x  10'’2 

<2x10"’^ 

NAVIGATION  AND  DELTA  RANGE 
ACCURACY  (2  CM) 

LONG  TERM 

15  MIN 

<5x  10"’’ 

<3  X 10"’^ 

M/V  SUBSEQUENT  FIX, 
OPERATIONS  WITH  4SATELLITES 

ACCELERATION 

SENSITIVITY 

<5x10"”’/G, 

4-100  Hz 

<3x10-”>V,Z 

2-9x10“”’x 

LOW  FREQ  VIBRATION  ON  ARMY 
VEHICLES  AND  FIGHTER/ 

ATTACK  AIRCRAFT 

SPECTRAL  PHASE 
NOISE 

<-115dB/H2@10 

-125dBc/Hz@100 

-136dBc/H2@10Hz 
-150dBc/Hzls>100  Hz 

<5“  TRACKING  ERROR  DUE  TO 
DSC.  JITTER 

POWER  DC 

LESS  THAN  20  WATTS 
WARMUP.  LESS  THAN 

5  WATTS  OPERATING 

17W  PK 

4.5WSS@-40“C 

MANPACK  BATTERY  LIFE 

SIZE  AND  WEIGHT 

LESS  THAN  0.7  LB 

ONE  OIMENSION 

LESS  THAN  2.8" 

9  OZ 

2.8  X  2.4  X  2" 

MANPACK  WEIGHT 

Figure  9.  GPS  Phase  III  Oscillator  Requirements  Vs  Capabilities 


_8 

typ|  oscillators  exhibited  g-sensitivity  of  10  to 

10  /per  one  g.  This  study  was  done  to  compare  the 
GPS  Phase  II  oscillator  to  various  quality  non-Phase 

11  type  available  oscillators  that  are  possible  can¬ 
didates  for  future  GPS  handheld  military  and  commer¬ 
cial  units. 

Because  of  the  associated  g-sensitivitles,  the  short 
term  stabilities  degrade  under  random  and  sine  vibra¬ 
tion.  This  causes  a  navigation  error.  Similarly,  the 
phase  noise  degrades  under  random  and  sine  vibrations 
(simultaneous  for  military  users).  This  causes  an 
increase  in  phase  noise  or  jitter  to  the  demodulator 
costas  loop,  and  degrades  system  RF  sensitivity,  and 
anti-jamming  ability.  A  carrier  and  code  offset  also 
occurs  due  to  the  same  vibration  induced  oscillator 
error. 

The  stabilities  of  the  oven  oscillators  are,  in  gen¬ 
eral,  not  influenced  by  small  temperature  changes  (say 
lO^F)  over  short  times  (1-10  minutes)  for  tau's  (x) 
from  .1-10  seconds.  However,  the  TCXO  types  degrade 
over  10  to  1  with  slight  air  currents  or  even  smaller 
temperature  changes. 


are  degraded  when  a  GPS  receiver  is  used  on  a  user 
(military)  with  very  high  vibration  (dynamic)  levels. 
Consequently,  the  GPS  receiver  navigation  solution, 
jamming  resistance,  and  threshold  sensitivity  are 
degraded  from  the  static  performance  solutions  at  high 
vibration  levels  (10-15  g  at  oscillator).  Note  that 
the  oscillator  at  10.23  MHz  is  multiplied  to  L-band 
(1575  MHz).  This  adds  44  dB  to  the  phase  noise  plus 
the  synthesizer  contribution. 

Figure  10  shows  the  static  vibration  short  term  sta¬ 
bility  test  results  of  various  candidate  oscillators, 
for  Phase  III  and  future  handhel^  and  comn^clal  sets, 
ranging  in  stability  from  10  to  10  and  with 
prices  from  $10  to  over  $1000.  The  HP  oscillator  used 
for  GPS  Phase  II  is  at  the  bottom.  Its  short  term 
stability  is  actually  much  lower  than  various  cesium 
standards  used  on  GPS  for  averaging  times  (x)  from 
0.01  to  1000  seconds.  Most  of  the  oven  type  SC-cut 
and  AT-cut  oscillators  exl^blted  worst  axis  vibration 
g-sensitlvities  of  3  x  10  /per  one  g.  The  average  HP 
unit  for  GPS  Phase  II  exhibited  a  worst  axis  vibration 
g-sensitivlty  of  5  x  10/per  one  g.  Most  of  the  TCXO 


Figure  10.  Static  Vibration  Short-Term  Stability  Test  Results 
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Figure  11  shows  the  warm  up  frequency  characteristics 
of  the  Phase  II  HP  SC-crystal  oscillator  for  the 
required  temperatures.  The  main  features  of  the  SC-cut 
crystal  over  the  AT-cut  is  the  fast  monotonic  smooth 
frequency  pulling.  The  overshoot  and  frequency 
reversal  of  the  AT-cut  oscillator  during  warm  up  is  a 
slight  problem  to  the  GPS  receiver.  Note  from  the 
previous  figures  that  GPS  is  a  short  term  stability 
driven  system  (.1  -  10  seconds  are  key),  and  average 
or  long  term  stability  frequency  offsets  are  not 
especially  critical.  This  is  in  constrast  to  the  Navy 
Transit  Satellite  System  where  long  term,  especially 
15  minutes,  is  critical. 


Figure  12  shows  the  static  short  term  stability 
requirements  for  four  different  classes  of  GPS  users: 


Dash  Number 


Class  of  Service 


-4  Space 

-3  Military 

-2  Military/Industrial 

-1  Commercial 


These  are  Intended  to  go  into  the  present  Phase  II/ 
Phase  III  product,  but  offering  four  grades  of 
performance. 


Future  GPS  user  receiver  requirements  for  portable  and 
handheld  type  units  will  require  even  faster  warm  up 
with  less  power  and  size,  while  maintaining  good  short 
term  stability.  This  is  quite  a  challenge  for  the 
future . 


Short  term  stability  largely  limits  navigation  per¬ 
formance,  pseudorange  and  delta  range.  The  flicker 
frequency  floor  is  the  key  performance  area  with  part 
of  the  white  FM,  white  PM  and  flicker  PM  regions 
Important  for  navigation  and  part  of  the  random  walk 
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3 

S.S, 

T 

t* 

PWR 

-400  C 

6.5m 

4.5w 

-200C 

5.5m 

4.2w 

+250  C 

3.0m 

2.Sw 

+50OC 

2.5m 

1.3w 

+750C 

0.5m 

0.4w 

6  7  8  9 

TIME  {MINUTES) 


0  =  FLAG  , 

-►'lx  10-' 

Eo'=  FREQUENCY  AT  TURNOFF 


14  15 


*28V,  NO.  102 
16.8W  PK 


Figure  II.  Oscillator  Warmup,  Accuracy  Flag,  Power  Vs  Temp  HP  1081  IB 


2  INDICATED  REFERENCE  POINT  «  AT  WHICH  ALLAN  VARIANCE  IS  TO  BE  MEASURED 
TO  DETERMINE  COMPLIANCE:  0.1, 1.0. 10.0,  100.0,  AND  1,000.0  SECONDS. 

Figure  12.  Oscillator  Short  Term  Stability 
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FM  region  Important  for  acquiring  signals  when  a  GPS 
fix  has  not  been  done  recently  by  the  GPS  user. 

Figure  13  shows  the  allowed  g-sensitivity  assuming  .1 
radians  or  5.7®  of  loop  jitter  error  for  four  differ¬ 
ent  grades  of  oscillators.  The  allowed  coefficient  is 
a  function  of  sine  vibration  frequency  and  amplitude. 
As  can  be  seen,  the  low  frequency  region  is  the  most 
critical.  The  use  of  shock  isolators  is  not  practical 
at  the  low  frequency  (4  Hz) ,  and  with  the  space  avail¬ 
able  to  mount  the  GPS  receivers,  especially  In 
aircraft. 

IE-8 
5E-9 

3E-9 
cn  2E -9 
cc 

UJ 

‘  IE-9 
5E-I0 
3E-10 

lE-10 

4  10  100  IK  2K 

VIBRATION  FREQUENCV.  H2 

Figure  13.  Maximum  Allowed  Oscillator  g-Sensitivity , 
Each  Axis  (x,y,z) 

The  use  of  a  "BVA"  type  crystal  or  of  an  accelerometer 
corrected  oscillator  offers  some  hope  to  a  system 
solution,  however,  these  types  of  oscillators  are 
still  in  the  Research  Laboratory  or  are  not  economi¬ 
cally  practical  for  production,  i.e.,  a  rubidium  type 
offers  the  good  g-sensitlvity  and  fast  warm  up,  but 
the  cost,  size  and  power  approaches  that  of  an  entire 
GPS  Manpack  Set. 

Figure  14  shows  dynamic  test  results  of  an  early  pro¬ 
totype  HP  Phase  II  oscillator  at  J^g  vibration  level. 
The  worst  coefficient  was  7  x  10  /g  for^^he  x  axis. 
The  y  and  z  axes  were  less  than  2  x  10  /g.  Later 
productlcm  units  were  better  and  had  jn  average  K  of 
5  X  10  /g  with  a  1  a  of  1.1  x  10  Vg  in  the  worst 
axis.  Vibration  to  30-50  g's  was  done. 

The  allowed  phase  noise  for  0.1  radians  (5.7°)  of 
Jitter  at  L-band  for  four  grades  of  oscillators,  as 
described  before,  for  static  conditions,  including  the 
synthesizer  error,  is  shown  in  Figure  15.  The  receive 


-80 

-90 

-100 

-no 

DO 

-120 

-130 

-140 

2  10  100  IK  20K 

OFFSET  FREQUENCY  IN  Hz  FROM  CARRIER,  JF 

Figure  15.  Oscillator  Phase  Noise  and 
Spectral  Density 

The  receive  has  a  loop  bandwidth  of  20  Hz,  effectively 
at  L-band  (1575  MHz),  thus  the  important  zone  for 
phase  noise  into  the  second  order  costas  loop  is  2-10 
Hz.  This  is  due  to  random  walk  PM  and  flicker  FM  and 
is  equivalent  to  short  term  stability  flicker  of  fre¬ 
quency  noise.  Reasonable  rolloff  beyond  10  Hz  to  at 
least  20  KHz  is  also  required.  The  receiver  error 
budget  is  set  for  0.1  radians  of  jitter  maximum  at  the 
costas  loop  due  to  the  oscillator  and  synthesizer. 

Note  that  the  GPS  receiver  requires  a  different  value 
of  phase  noise  performance  (costas  threshold)  than  the 
equivalent  Fourier  transform  value  of  short  term  sta¬ 
bility  performance  (navigation  pseudorange  and  delta- 
range)  due  to  the  different  system  requirements  of  GPS 
in  the  receiver.  Note  the  L-band  synthesizer  degrades 
the  phase  noise  and  short  term  stability  of  the  oscil¬ 
lator  into  the  receiver. 

Figure  16  shows  how  important  the  oscillator  static 
short  term  stability  is  to  navigation  accuracy  (P 
code)  during  large  dynamics.  The  reference  stabili¬ 
ties  do  not  account  for  synthesizer  degradation,  and 
thus  the  oscillator  must  be  better  to  achieve  this. 
Also  oscillator  g-sensitlvlty  is  also  not  factored 
her^2  As  a  result,  the  oscillator  must  approach  3  x 
10  jp  stability  and  have  a  g-sensltlvlty  below  5  x 
10  for  a  receiver  with  minimum  errors  due  to  the 
oscillator.  For  some  users,  this  may  not  be  cost 
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Figure  16.  Impact  of  Oscillator  and 
Synthesizer  Stability  on  Navigation 
Performance  During  Flight  Dynamics 


/ 

/ 

SIMULA 

POSITI 

TED  RMS  HORIZONTAL 
]N ERROR 

/ 

/ 

/  LOSS  OF 

TRACK 

T  i 

1 

-  HI  ELEVATION  ANGLE  SATELLITE 

;  =  1-10flSEC 

-  SINGLE  CHANNEL  SEQUENCING  BECfcIVEH.  BPU-1  MANHACK 

-  PCODE 

_ ! _ ^ ^ ^ _ 

effective,  and  a  small  performance  backoff  may  yield 
significant  dollar  savings. 

Without  dynamics  and  vibration,  the  accuracies  are 
much  better  (10:1+).  A  static  GPS  Manpack  receiver 
can  resolve  a  range  of  2  meters  and  a  change  of  posi¬ 
tion  of  0.02  meters  (2  cm)  on  a  10,000  mile  orbit 
satellite . 

Figure  17  shows  how  various  quality  oscillators  would 
affect  a  commercial  GPS  receiver  with  LI  and  C/A  code 
only.  The  C/A  code  and  a  commercial  GPS  receiver  in  a 
relatively  benign  vibration  environment  can  give 
respectable  results  with  lower  quality  performance 
oscillator  than  required  for  the  military  Phase  II 
p-code  type  receivers. 

Figure  18  shows  the  product  family  of  oscillators  and 
some  key  specifications  using  various  grades  for 


different  GPS  users.  This  philosophy  allows  the 
oscillator/component  vendor  to  fill  different  needs 
and  improve  his  yield  by  using  a  lesser  performance/ 
quality  level  part  in  lower  performance/cost  user 
receivers.  Also  refer  to  -1,  -2,  -3,  -4  from  previous 
figures.  Frequencies  of  10  and  10.23  MHz  are  candi¬ 
dates  for  now  with  higher  frequencies  (86,  347  MHz),  a 
possibility  for  the  future.  A  -5  and  -6  unit  will  be 
added  for  missile  and  range  applications. 


CLASS 

QUALITY 

LEVEL 

TEMPERATURE 

WARMUP 

G-SENS. 

IV 

SPACE 

-30°CTO  +61“C 

30  MIN 

3x10"®/G 

Ml 

MILITARY 

-54“CT0  +81®C 

5  MIN 

<5  X  10"’®/G 

IIIA 

SPECIAL 

MILITARY 

-40‘’C  TO  +71®C 

5  MIN 

3x  10"®/G 

II 

INDUSTRIAL/ 

MILITARY 

-30“C  TO  +71®C 

7.5  MIN 

1.5x  10~®/G 

1 

COMMERCIAL 

-20®CTO+61“C 

10  MIN 

3x10“®/G 

Figure  18.  MIL-Parts  With  Large 
Commercial  Base 


The  future  of  GPS  receivers  not  only  lies  in  the  Phase 
II,  Phase  III  U.S.  Military  product  but  in  the  foreign 
military,  industrial-military,  handheld,  missile, 
space  and  commercial  markets  (civil,  land,  sea,  air) 
as  shown  in  Figure  19.  The  projected  quantities  are 
in  the  1000s  to  10,000’s  for  each  of  these  for  the 
next  20  years. 

Figure  20  shows  a  wish  list  of  oscillator  specs  that 
appear  to  be  required  for  future  new  GPS  system  appli¬ 
cations  over  the  next  5-15  years.  Magnavox  plans  to 
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Figure  17.  Performance  and  Product  Implications  of  Using  C/A  Code  User  Equipment 
Clock  During  Poor  GDOP  or  Loss  of  Signal 
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PRODUCT 

MAIN  DRIVERS 

TIME 

GPS  03/MIL 

HI  PERf.,  LOWG-SENS.,  COST 

1985  -  1995 

GPS  o3/ 
SEMI-MIL 

MED  PERF.,  COST 

1985  -  1995 

MILITARY 

HANDHELD 

SMALL  SIZE,  POWER,  MED-HI  PERF. 

1985-1995 

MISSILE 

MED  PERF.,  COST,  SIZE,  POWER 

1987  -2000 

SPACE 

HI  PERF.  COST 

1986  -  2000 

COMMERCIAL 

MEO-LO  PERF.,  COST 

1988  -2XXX 

Figure  19.  Future  Oscillator  Requirements 

insert  new  technology  Into  GPS  receivers,  such  as  a 
smaller  oscillator,  to  lower  user  cost  and  size  of  the 
receiver,  whenever  practical. 

The  detailed  oscillator  requirements  are  called  out  In 
the  Magnavox  Oscillator  Specification. 


PRODUCT  DESIGN 

Figure  21  shows  the  general  user  equipment  set  con¬ 
cept.  The  configuration  is  revised,  as  required,  for 
specific  users.  For  example,  most  users  do  not  require 
the  Flexible  Modular  Interface  (FMI)  unit  or  its  asso¬ 
ciated  software  because  the  basic  host  vehicle  inter¬ 
face  circuits  are  incorporated  inside  the  Receiver 
Processor  Unit  (RPU).  Therefore,  host  vehicle  sensors 
and  displays,  if  any,  interface  directly  with  the  RPU 
in  most  vehicles.  Also,  some  vehicles  use  their  exist¬ 
ing  control/display  units  in  lieu  of  the  GPS  Control/ 
Indicator  Unit  (CIU)  shown.  Figure  22  shows  the  fam¬ 
ily  of  Line  Replaceable  Units  (LRUs)  that  satisfy  this 
set  concept  for  the  current  field  test  vehicles.  Other 
set  configurations  of  these  same  LRUs  will  address  the 
hundreds  of  host  vehicles  to  be  fitted  with  GPS  during 
Phase  III. 

Receiver /Processor  Units  (RPUs) 

By  choosing  between  the  three  RPUs  shown  in  Figure 
23,  the  user  can  select  a  unit  that  has  performance 
adequate  for  his  needs  without  the  cost  burden  of 


WARM  UPTIME 
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VIBRATION  SENSITIVITY 

1  xl0“10/g 
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Figure  20.  Requirements  (Wish  List) 


Figure  21.  Generalized  Block  Diagram  of  a  GPS  User  Equipment  Set 
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Figure  22.  GPS  User  Equipment  Family  of  LRUs. 


RPU-1 


•  LESS  THAN  ONE 'G' 

•  LIGHTEST  WEIGHT/ 
SIZE 

•  UNAIDED 

•  SEQUENCES 
BETWEEN 
SATELLITES 
WITH  RCVR 
CHANNEL 


RPU2 


•  LESS  THAN  TWO  G’ 

•  BEST  PERFORMANCE/ 
COST  RATIO 

•  AIDED 

•  TWO  CHANNELS 
GIVE  TWICE  THE 
MEASUREMENT 
RATE  OF  SINGLE 
CHANNEL 


RPU-3 


•  UPTONINE'G' 

•  MAXIMUM 
PERFORMANCE 

•  AIDED 

•  SIMULTANEOUS 
TRACK  OF  FOUR 
CARRIERS 

WITH  SEQUENTIAL 
CODE  TRACK  ON 
FIFTH  CHANNEL 


riKure  23.  [lyrumlcs ,  Reaction  Time,  Weight/Size,  and  Performance/Cost  Establish  Three  Receiver  Types 


‘-yrf'ssive  performance.  Thus,  the  manpack  and  land 
vehicle  user  has  a  single-channel,  low-cost,  light¬ 
weight  set,  while  hlgli  dynamics  fighter,  attack  or 
strategic  aircraft  have  a  five-channel  set  with  atten¬ 
dant  moderate  increases  in  cost  and  weight.  The  sub- 
rarine  user  also  requires  a  five-channel  set,  even 
though  it  is  a  low  dynamic  situation.  The  five-channel 
set  in  the  rase  of  the  SRN'  provides  very  fast  acqul- 
sitior,  anil  fix  times  as  required  to  minimize  exposure 
of  the  antenna  above  the  ocean's  surface. 


Common  Modules 

Figure  24  shows  the  modular  architecture  of  the  RPUs. 
One  of  the  attributes  of  Magnavox  user  equipment  that 
has  delighted  service  personnel  involved  In  the  field 
tests  Is  the  easy  Interchangeability  of  circuit  hoards 
between  units  and  between  card  slots  within  each  unit. 
During  field  teats,  RF  and  baseband  printed  circuit 
boards  (there  are  five  baseband  modules  in  a  5-channel 
set)  have  been  lifted  out  of  their  slots  and  swapped 
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484  3161 


Figure  24.  Modules  are  Interchangeable  Between  the  Three  Receivers 


with  similar  boards  from  other  slots  in  the  same 
receiver/processor,  or  from  a  different  receiver/ 
processor,  and  the  unit  has  continued  to  operate  with¬ 
out  adjustment  after  the  Interchange.  Once  a  circuit 
board  leaves  the  factory,  it  can  be  used  in  any  of  the 
3  receiver/processor  units  regardless  of  number  of 
channels,  and  without  any  "tweaking"  between  instal¬ 
lations.  The  same  oscillator  is  used  for  all  three 
RPUs.  The  Phase  II  oscillator  is  at  10.23  MHz,  but  10 
MHz  will  also  be  considered  for  Phase  III.  This  com¬ 
monality  among  all  RPUs  has  been  designed  with  the 
user's  reliability,  maintainability,  and  logistics 
concerns  in  mind. 

Host  Vehicle  Interfaces 

The  electrical  signal  Interfaces  of  thirty  host  vehic¬ 
les,  from  manpack  to  aircraft  carrier,  were  analyzed 
to  establish  an  equipment  architecture  that  would 
readily  adapt  to  each  vehicle  with  the  least  number  of 
"black  boxes."  Thirty-eight  unique  signals  were 
identified  of  which  17  were  analog  and  21  were 
digital.  By  allocating  the  circuitry  necessary  for 
these  Interfaces  across  ten  plug-in  circuit  boards, 
the  interface  requirements  for  all  thirty  vehicles 
were  met.  More  significantly,  70%  of  all  five-channel 
requirements  were  met  with  only  one  of  these  circuit 
boards  and  55%  of  all  two-channel  requirements  were 
met  with  another  one  of  these  circuit  boards.  As 
shown  in  Figure  25,  these  two  Interface  boards  are 
built  into  their  respective  GPS  receiver /processor 
units,  thus  eliminating  the  need,  in  the  case  of  most 
host  vehicles,  for  any  extra  black  boxes  or  add-on 
modules  for  electrical  interfacing.  Currently,  the 
only  vehicles  that  have  required  additional  interface 
units  are  those  with  special  data  processing  added  to 
their  normal  interface  requirements.  These  Include 
the  Grumman  A-6E  attack  aircraft  with  its  unique 
requirement  for  GPS  controlled  weapon  delivery,  and 
surface  ships  and  submarines  which  require  special  60 
Hertz  synchro  signals  and  processing  for  fault  isola¬ 
tion  to  the  Shop-Rcplaceable-Unlt  (SRU).  Figure  25 


shows  the  location  of  the  oscillator  for  RPU-1,  2,  and 
3.  This  location  was  selected  for  low  temperature 
rise  and  low  vibration  amplification. 

Software  Adaptation 

The  software  for  all  vehicles  that  use  a  given  class 
of  receiver  processor  unit  (1,  2  or  5  channel)  resides 
in  that  unit  along  with  a  table  that  defines  the 
proper  software  and  signal  interface  configuration  for 
each  vehicle.  This  table  is  triggered  to  the  appro¬ 
priate  configuration  for  any  given  vehicle  by  jumper 
wires  in  one  of  the  vehicle's  Interface  plugs.  Thus 
units  can  be  swapped  between  different  vehicles  and 
between  vehicles  and  maintenance  centers  without  spe¬ 
cial  stocking  or  adjustments  to  match  them  to  the 
unique  host  vehicle. 

Integration  With  Other  Sensors 

Three  distinct  navigation  modes  were  developed  to 
fully  exploit  the  multitude  and  types  of  sensor  data 
available  within  the  interfacing  constraints  Imposed 
by  each  host  vehicle  specified  for  GPS.  The  mode 
selection  is  microprocessor  controlled  by  the  host 
vehicle  identification  code.  Vehicles  which  have 
their  sensors  fully  Integrated  with  GPS  allow  calcula¬ 
tion  of  a  more  accurate  navigation  solution.  However, 
in  the  absence  or  failure  of  host  sensors,  sensor- 
unaided  operation  (loose  coupling)  is  automatically 
selected.  The  three  modes  are  as  follows: 

1.  Acceleration  Coupled:  In  this  mode,  which 
provides  the  most  accurate  navigation  per¬ 
formance,  the  GPS  set  is  fully  Integrated 
with  an  INS,  such  that  the  IMU-provlded 
acceleration  data  are  used  directly  to 
propagate  the  navigation  states. 

2.  Velocity  Coupled:  In  this  mode,  the  set  is 
Integrated  with  an  INS,  doppler,  or  speed- 
and-headlng  sensor,  and  the  host  vehicle 
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MANPACKS,  TRUCKS,  TANKS. 
JEEPS,  RIVERINE  VEHICLES 
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INSTRUMENTATION  PORT 
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Figure  !5.  The  Majority  of  Host  Vehicle  Interfaces 

St  isor  velocity  data  is  used  directly  to 
pr jpagate  the  navigation  states.  When  an 
T  -F  is  available,  the  best  performance  is 
achieved  by  the  previously  mentioned 
a  oeleration-coupled  mode.  However,  since 
outputs  for  acceleration  data  are  not  always 
a  ailable  in  certain  host  vehicles,  it  is 
s  metimes  necessary  to  employ  the  velocity 
C(  upled  mode. 

3.  L 'ose  coupling  (unaided):  In  this  mode, 

htSt  vehicle  sensor  data  are  not  used  for 
state  propagation.  The  filter  estimated 
V  loclty  (and  acceleration  for  high-dynamics 
'.  hides)  Is/are  used  to  propagate  the  navl- 
g  tlon  states  in  a  self-contained  manner. 

F  St  vehicle  sensor  data,  if  available,  are 
u  ed  as  level-of-dynamlcs  indicators  and  as 
a  ternate  measurements  by  the  Kalman  Filter. 

T  rthermore,  host  vehicle  sensor  data  are 
c  llbrated  during  "good"  GPS  tracking  to 
frcllltate  rapid  reacqulslf'  'n  in  case  of 
signal  loss. 

Figure  26  shows  Che  use  of  these  three  modes  across 
the  spectrum  of  lOT&E  vehicles. 

Antennas 

The  same  omnidirectional  antenna  that  is  used  in  man- 
pack  GPS  sets  is  used  for  land  vehicles,  aircraft  car¬ 
rier  and  helicopter  installations  and.  Indeed,  in  any 
installation  where  aerodynamic  drag  is  not  a  serious 
factor.  This  same  antenna  with  a  pressure-proof 
radome  is  being  delivered  for  submarine  installations 
of  certain  NATO  forces.  It  has  the  attribute  of  an 
excellent  hemispherical  reception  pattern  with  rela¬ 
tive  Independence  ^rom  the  type  of  ground  plane  upon 


are  Accommodated  Without  any  Extra  Interface  Units 
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STRATEGIC  BOMBER  (B  52) 
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Figure  26.  Acceleration  Coupling  Provides 
the  Most  Accurate  Performance  of  the  Three 
Sensor  Coupling  Modes  and  is  used  in  the 
High-Dynamic  Vehicles 

which  it  Is  mounted.  A  low-profile  omnidirectional 
antenna  is  available  for  moderate  to  high  speed 
alrcraf  t . 

A  single,  seven  element,  low-profile,  null  steering 
antenna  is  used  for  those  applications  from  manpack  to 
supersonic  fighters,  where  severe  jamming  is  expected 
to  be  encountered.  This  use  of  common  antenna  designs 
across  many  different  vehicles  (see  Figure  27)  is  one 
of  several  system  design  features  that  contribute 
coward  reduced  life-cycle  cost. 

Adaptation  To  Shipboard  Environment 

The  GPS  LRUs  are  fundamentally  aircraft  units  designed 
to  MIL-E-5400  environmental  requirements.  However, 
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Figure  27.  Four  GPS  Antennas  Satisfy  all  Operational  Requirements 


they  are  adapted  to  the  severe  shipboard  environmental 
requirements  of  MIL-E-16A00,  such  as  shipboard  shock, 
vibration  and  hammer  blow,  by  mounting  within  protec¬ 
tive  console  units  as  shown  In  Figure  28.  These  con¬ 
soles  also  provide  Intra-system  wiring  harnesses  and 
accommodate  additional  Navy  requirements,  such  as  60 
Hz  power,  thermal  protection,  battle-short  switches, 
and  master/slave  controls  and  Indicators.  The  master/ 
slave  modes  allow  operation  of  a  single  set  from  two 
remotely  located  Control/Indicator  Units  (CIUs) . 

The  previously  mentioned  automatic  software  recon¬ 
figuration  Includes  lockout  of  airborne  displays  and 
functions,  such  as  true  airspeed  and  vertical  navi¬ 
gation,  and  substitutes  shipboard  functions  with 
appropriate  nomenclature  such  as  speed-thru-the-water 
and  sea  and  set  drift. 

GPS  System  Simulator 

Magnavox  has  designed  and  constructed  several  sets  of 
GPS  system  simulators  called  the  Multiple  Channel 
Signal  Generator  (MCSG) .  The  MCSG  generates  six 
Independent  GPS  RF  signals  from  a  GPS  Waveform  Gener¬ 
ator  (WFG)  and  host  vehicle  data  link  signals  which 
simulate  anticipated  operational  missions  scenarios 


involving  the  GPS  user  equipment.  The  MCSG  models  the 
combined  effects  of  control  segment  functions,  space 
segment  functions,  host  vehicle  characteristics,  mis¬ 
sion  dynamics  and  environments.  The  MCSG  also  pro¬ 
vides  the  repeatability  necessary  for  effective  test¬ 
ing  and  training.  From  data  recorded  during  a  simula¬ 
tion,  the  MCSG  is  capable  of  producing  system  perform¬ 
ance  and  mission  evaluation  data.  The  MCSG  is  cur¬ 
rently  being  used  in  the  design  and  evaluation  of  the 
GPS  user  equipment  being  built  as  a  part  of  Phase  IIB 
(see  Figure  29).  Each  of  the  six  WFG  transmitters 
simulates  the  GPS  satellite  and  can  be  driven  from  its 
own  oscillator  or  each  can  be  phase-locked  together 
and  driven  from  a  GPS  cesium  standard  at  5.115  or 
10.23  MHz  for  improved  long  term  stability. 

Set  Maintenance 

Magnavox  has  designed  and  built  a  field  support  test 
set  which  detects  and  isolates  faults  to  a  Shop 
Replaceable  Unit  (SRU)  for  all  line  replaceable  units 
(LRUs)  including  RPU-1,  RPU-2,  RPU-3,  CIU  and  FMlU's. 
This  equipment  was  designed  to  meet  the  military 
intermediate  maintenance  requirements  during  the  Phase 
II  testing  of  the  user  equipment  and  is  known  as  the 
Intermediate  Maintenance  and  Test  Set  (IMTS).  Its 
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Figure  28.  LRUs  Adapt  to  Sea  Environment  Through  Use  of  Shipboard  Housings 
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Figure  29.  GPS  Multi  Channel  Signal  Generator  (MCSG) 


ruggedized  construction,  portability,  ease  of  opera¬ 
tion  and  functional  capabilities  will  enable  Its  use 
in  a  variety  of  circumstance,  from  routine  flight  line 
check-out  to  maintenance  support  for  remote  base  oper¬ 
ations.  The  IMTS  can  be  operated  from  a  115  VAC  power 
source,  or  from  an  Internal  battery.  This  equipment 
is  currently  In  use  at  Magnavox  Torrance,  California 
and  at  several  of  the  field  test  sites  (see  Figure 
301.  The  oscillator  In  the  IMTS  can  be  used  to  test 
the  oscillator  in  the  GPS  Phase  III  user  equipment  or 
to  transfer  frequency  from  a  cesium  to  the  user 
receiver  via  the  IMTS. 

Pre-Planned  Product  Improvement  (P^I) 

The  Magnavox  GPS  user  equipment  was  designed  from  the 
outset  for  insertion  of  new  hardware  technology  as  it 
evolves,  without  the  need  for  major  redesign  with  each 
Insertion. 

3 

An  aggressive  but  disciplined  P  I  program,  with  pro¬ 
gressive  technology  Insertions,  will  reverse  the  nor¬ 
mal  trend  of  increasing  cost  of  subsequent  production 
buys  of  military  electronic  equipment.  This  decreasing 
cost  will  come  in  spite  of  factors  that  tend  to  add 
cost,  such  as  inflation,  or  component  obsolescence. 
Furthermore,  if  the  pre-planning  is  properly  carried 
out,  past  and  future  deliveries  can  be  improved  in 


overall  capability  at  modest  cost  without  affecting 
existing  or  future  host  vehicle  Installations.  The 
Magnavox  GPS  user  equipment  is  pre-planned  for  future 
Improvements  and  is  configured  to  capture  the  inevi¬ 
table  benefits  of  the  improving  technology  Inherent 
to  LSI,  VLSI  and  beyond  (see  example  in  Figure  31). 
Product  reliability  and  overall  performance  will 
Improve  with  each  technology  insertion  and  lower 
overall  life-cycle  co^t  will  prevail  as  older  sets 
are  upgraded  through  P  I  (see  example  in  Figure  32). 

3 

The  P  I  ground  rules  which  will  be  applied  to  GPS 
Phase  III  are  quite  simple: 

1.  Freeze  the  basic  hardware  and  software 
architecture  at  the  beginning  of  Phase  III. 

2.  Rigidly  maintain  two-way  interchangeability 
at  the  SRU  or  Shop-Replaceable-Unit  (e.g., 
Printed  Circuit  Board) ,  and  the  LRU  or  Line- 
Replaceable-Unit,  (e.g.,  Black  Box). 

3.  Test  new,  technology  inserted,  SRUs  for 
two-way  transparency  before  delivery  into 
any  existing  or  new  LRUs. 

4.  Control  Form/Flt/Functlon  at  the  LRU/SRU 
level  to  ensure  that  the  last  product 
delivered  is  compatible  with  the  first 
product  delivered. 


Figure  30.  Intermediate  Maintenance  and  Teat  Set  (IMTS) 
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Figure  31.  Technology  Trends 
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Figure  32.  System  Architecture  &  Software  Remain  Constant  While  Unit  Production 
Cost  Comes  Down  Through  Technology  Insertion 
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5.  Insert  new  technology  only  when  economically 
justified . 

Transparency  Verification 
3 

P  I  implementation  can  be  self-defeating  without  a 
rigorous  test  program  to  verify  the  forward  and  back¬ 
ward  compatibility  of  technology  insertion.  Under  P  I 
ground  rules  technology  Insertion  should  be  imple¬ 
mented  only  if  it  proves  totally  transparent  to  the 
various  platform  and  user  applications. 

Progressive  tests  for  transparency  are  performed 
starting  with  parts  quality  and  environmental  tests  at 
the  module  level.  Such  tests  are  followed  by  func¬ 
tional  verification  tests  in  a  laboratory  simulation 
of  full  environment  requirements  to  include  SRU 
acceptance  tests,  regression  tests  compared  to  the 
pre-established  baseline,  and  maintainability  tests  to 
ensure  the  integrity  of  test  sets  and  IMTS ,  and  the 
integrity  of  operational  maintenance  procedures. 
Finally,  testing  is  done  in  the  field  with  in-place 
resources  as  well  as  with  user  platforms  to  verify 
that  the  new  modules  do  not  affect  equipment  perform¬ 
ance  in  the  actual  environment  and  that  operator 
interaction  and  equipment  interfaces  have  not  changed. 

FIELD  TEST  RESULTS 


The  field  test  program  is  being  conducted  using  the 
C-14I  and  M-35  platforms  exclusively  for  DT&E  testing, 
while  the  remaining  host  vehicles  (manpack,  M-60  tank, 
CV  aircraft  carrier,  UH-60  helicopter,  F-16  fighter 
aircraft,  B-52  bomber,  A-6E  fighter/attack  aircraft 
and  SSN  submarine)  are  used  for  both  DT&E  and  lOT&E 
activities.  Thus  far,  tests  on  Magnavox  GPS  sets  have 
been  conducted  in  the  C-141,  M-35,  manpack,  M-60, 
UH-60,  and  CV-63. 

Testing  to  date  has  concentrated  on  host  vehicle  inte¬ 
gration  confirmation  and  on  set  performance  verifica¬ 
tion  in  such  areas  as  static/dynamic  navigation  accu¬ 
racy,  acqulsitlon/reacquisltlon  scenarios,  jamming 
performance,  antenna  pattern  verification,  and  human 
factors.  Magnavox  sets  have  demonstrated  compatibil¬ 
ity  with  the  host  vehicle  Interfaces  to  the  extent 
that  testing  on  the  UH-60,  CV-63,  and  M-60  have  been 
carried  out  on  the  actual  platforms.  The  preliminary 
test  results  are  reported  in  the  following  paragraphs. 

Accuracy 

Initial  testing  in  the  C-141  during  February  1983 
revealed  both  random  and  bias  errors  in  the  Magnavox 
equipment.  By  June,  the  random  errors  had  been  reduced 
within  the  specified  limit  for  the  system,  and  by 
November  1983,  the  bias  error  was  successfully  iso¬ 
lated  and  eliminated.  Figure  33  shows  one  of  the 
early  tests  of  a  two-channel  set  at  Yuma  Proving 
Grounds  before  the  bias  error  had  been  eliminated  and 
also  before  ionospheric  correction  of  the  satellite 
signals  had  been  Incorporated.  At  the  start  of  this 
plot,  all  four  satellites  are  acquired  while  the  host 
vehicle  (M-35  truck)  is  moving  at  approximately  15 
MPH.  At  0244  hours,  the  truck  comes  to  rest  and 
the  remainder  of  the  plot  shows  static  performance. 
Figure  34  shows  the  "ground  truth"  errors  that  pre¬ 
vailed  during  this  test.  Ground  truth  is  that  part  of 
the  position  bias  error  due  to  the  space  segment. 
Ground  truth  information  is  obtained  from  a  calibrated 
GPS  receiver  located  on  a  surveyed  bench  mark  in  the 
immediate  vicinity  of  the  test  range. 

Figure  35  shows  a  recent  test  (January  1984)  of  the 
two-channel  set  in  a  UH-60  helicopter.  Figure  36 
shows  the  ground  truth  plot  for  this  test.  As  the 
test  begins,  the  set  is  reinitialized  and  commanded  to 


collect  new  ephemerides  while  the  helicopter  is  sta¬ 
tionary  near  a  surveyed  bench  mark.  At  1330,  the 
helicopter  takes  off  and  proceeds  to  the  first  of  two 
waypoints  that  are  15  kilometers  apart.  Four  minutes 
are  lost  from  the  plot  (1330  to  1334)  between  take-off 
and  laser-tracker  acquisition.  The  remainder  of  the 
plot  shows  the  accuracy  performance  as  the  helicopter 
flies  back  and  forth  between  the  two  waypoints.  The 
error  peaks  on  the  plots  coincide  with  the  turns  at 
the  waypoints.  The  GPS  set  under  test  has  software 
Improvements  incorporated  to  eliminate  the  previously 
mentioned  bias  error  and  to  perform  ionospheric  cor¬ 
rection.  In  Figures  35  and  36,  it  can  be  seen  that 
it  was  a  good  day  for  the  GPS  set,  but  not  one  of  the 
space  segment's  better  days.  In  any  case,  this  unaided 
set  demonstrated  errors  which  were  typically  less  than 
5  meters  from  ground  truth.  In  a  later  test  that  day, 
the  set  was  flown  with  doppler  aiding  (not  shown). 
The  set  performance  was  essentially  the  same  as  shown 
in  Figure  35  except  that  the  error  peaks  in  turns  were 
eliminated.  These  tests  include  the  effects  of  the 
oscillator  stability  during  vibration. 

Test  results  in  other  vehicles  are  still  anecdotal  in 
nature.  For  example,  the  aircraft  carrier  navigator 
began  to  use  the  GPS  derived  position  data  in  his 
hourly  log  Instead  of  the  multi-sensor  data  he  nor¬ 
mally  used.  This  happened  after  it  was  discovered 
through  crosssensor  checking  and  radar  measurements 
that  the  GPS  accuracy  was  better  than  that  of  the 
system  planned  for  measuring  GPS  accuracy  performance. 
Army  helicopter  pilots  for  a  period  of  time,  routinely 
flew  IFR  cross-country  missions  in  the  New  Jersey  area 
using  a  Magnavox  two-channel  set  to  drive  the  pilot's 
flight  director  indicators.  The  GPS  equipment  has 
typically  guided  the  aircraft  to  within  a  few  meters 
of  enroute  checkpoints.  Including  nap-of-the-earth 
flights  where  VOR  signals  drop  out,  and  during  flights 
through  very  heavy  rain  and  low  visibility. 

Acquisition  Time 

As  shown  in  Figure  37,  initial  acquisition  times  under 
dynamic  conditions  are  consistently  below  the  5.5  min¬ 
ute  specification  limit.  Field  tests  of  a  single  chan¬ 
nel  set  in  the  M-35  truck  resulted  in  a  mean  time  of  4 
minutes  26  seconds  with  standard  deviation  of  36  sec¬ 
onds.  The  minimum  acquisition  time  from  a  cold  start 
was  3  minutes  27  seconds  with  a  maximum  of  5  minutes 
31  seconds.  Ninety  percent  of  initial  acquisitions 
occurred  within  5  minutes  15  seconds  of  start.  Simi¬ 
lar  results  have  been  obtained,  but  not  yet  formally 
documented,  in  two-channel  helicopter  and  aircraft 
carrier  sets. 


Jamming  Performance 


Tests  were  conducted  on  the  C-141  aircraft,  alter¬ 
nately  using  a  Controlled  Reception  Pattern  Antenna 
(CRPA)  and  a  Fixed  Reception  Pattern  Antenna  (FRPA) . 
The  aircraft  was  flown  on  a  descending  path  directly 
over  a  field  of  jamming  transmitters,  while  making 
banking  maneuvers  to  expose  the  GPS  antenna  to  direct 
jammer  radiation. 


Closest  encounter  was  approximately  1500  feet.  While 
the  measured  performance  data  are  classified,  we  can 
state  that  the  Magnavox  equipment  exceeded  the  specif¬ 
ication  requirements  for  maintaining  signal  lock  by 
several  dB  of  jammer-to-slgnal  ratio.  The  null- 
steering  antenna  (CRPA)  with  its  Antenna  Control  Unit 
(ACU)  successfully  nulled  several  jammers  simultane¬ 
ously.  When  jammers  were  able  to  cause  break  of  lock 
on  the  CRPA  or  FRPA  equipped  sets,  the  satellite  sig¬ 
nals  were  reacquired  within  seconds  after  the  aircraft 
banked  away  from  the  successful  Jammer's  antenna  beam. 
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Figure  33,  Position  Error  Plots,  2-Channel  GPS  Set  on  M-35  Truck, 

No  Ionospheric  Correction  in  Set.  Satellite  Induced  Errors  Included. 
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Figure  34.  Ground  Truth  (Satellite  Induced  Error)  Plot  During  Test 
of  2-Channel  CPS  Set  on  M-35  Truck 


Figure  35.  Position  Error  Plots,  Unaided,  2-Channel  GPS  Set  with  Ionospheric 
Correction  in  UU-60  Helicopter,  Satellite  Induced  Errors  Included. 
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Figure  36.  Ground  Truth  (Satellite  Induced  Error)  Plot  During  Test  of 
2-Channel  GPS  Set  in  UH-60  Helicopter 
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Figure  37.  Time  to  First  Fix,  Distribution 
of  Field  Test  Results,  Single  Channel  Set 

F.nvironmental  Performance 

Vibration  conditions  on  board  the  UH-60  helicopter  and 
M-60  tank  caused  initial  problems  of  a  non-structural 
nature  which  were  quickly  resolved.  For  the  most  part 
these  problems  have  not  reoccurred.  However,  an 
Instrumentation  Buffer  Box  (IBB)  and  a  Digital  Tape 
Recorder  (DTR) ,  located  on  the  floor  of  the  M-60  tank 
turret,  encountered  a  particularly  severe  shock  and 
vibration  problem.  While  both  the  IBB  and  the  DTR  are 
for  instrumentation  purposes  during  the  DT&E  and  lOT&E 
phases  of  the  program  and  are  not  intended  for  actual 
operational  use.  It  is  Imperative  that  they  be  able  to 
survive  and  adequately  perform  within  the  environ¬ 
mental  conditions  which  will  be  experienced  throughout 
the  test  program.  Combining  minor  Internal  modifica¬ 
tions  with  a  substantial  improvement  to  the  shock  and 
vibration  isolation  design  resolved  these  problems. 
Successful  testing  in  the  M-60  tank  is  now  underway. 
The  GPS  test  facilities  on-board  CV-63  (the  Kitty 
Hawk)  are  being  transferred  to  CV-64  (the  Constella¬ 
tion).  As  a  part  of  this  move,  the  Controlled  Recep¬ 
tion  Pattern  Antenna  (CRPA)  and  Antenna  Control  Unit 
fACU)  were  removed  from  the  mast.  Detailed  examina¬ 
tion  of  the  removed  units  revealed  that  sea  air  cor¬ 
rosion  had  advanced  more  rapidly  than  expected.  Anal¬ 
ysis  of  each  unit  is  underway  and  resolution  of  this 
problem  is  expected  before  the  nrxt  sea  air  exposed 
installation  Is  carried  out. 


Human  Engineering 


pilots  exhibit  an  overwhelming  preference  for  the  new 
GPS  equipment  over  the  older  on-board  navigation  sys¬ 
tems.  Military  personnel  have  demonstrated  rapid 
learning  times  after  first  exposure  to  the  equipment. 
Soldiers  have  become  proficient  in  the  use  of  Magnavox 
Manpack/Vehicular  equipment  with  one  or  two  hours  of 
coaching  by  field  engineers. 

Army  helicopter  pilots,  already  trained  and  accustomed 
to  the  control/display  unit  of  their  AN/ASN-128  Dop¬ 
pler  Radar,  have  little  difficulty  transitioning  to 
the  GPS  control/display,  which  fits  in  the  same  loca¬ 
tion  and  uses  the  same  sunlight-readable  incandescent 
displays  as  the  doppler's  original  control/display 
unit.  In  addition  to  physical  compatibility,  the  GPS 
equipment  expands  the  helicopters'  navigation  capabil¬ 
ity  from  a  10-waypolnt,  2-dimensional,  dead-reckoning 
area  navigator,  to  a  200-waypoint,  3-dimensional, 
position  fixing  area  navigation  system.  All  of  the 
original  capability  of  the  doppler  is  retained, 
including  the  doppler  itself  as  an  aiding  and  back-up 
navigation  sensor. 

Similarly,  shipboard  personnel  already  trained  and 
accustomed  to  Transit,  Loran  and  Omega/VLF  systems, 
find  the  Magnavox  GPS  equipment  easier  to  use  and  pre¬ 
fer  its  large  Incandescent  displays  over  the  CRT  dis¬ 
plays  of  some  of  the  older  equipment,  for  across-the- 
room  viewing  in  the  chart  room  and  for  viewing  in  sun¬ 
light  conditions  on  the  bridge. 

The  Magnavox  approach  to  human  engineering  for  the 
military  user  is  based  on  the  assumption  that  his  mind 
is  occupied  by  more  Important  duties  than  supervising 
the  operation  of  a  navigation  system.  Accordingly,  a 
simple  command  approach  to  control  and  data  access  is 
used  in  lieu  of  the  more  complex  teaching  machine, 
interactive,  menu-driven,  double-function-keyboard 
approaches.  Using  the  Control/Indicator  Unit  (CIU) 
shown  in  Figure  38,  soldiers  simply  turn  a  rotary 
switch  to  one  of  twelve  positions  to  select  logical 
pairs  of  data,  such  as  latitude/longitude,  range/bear- 
ing,  etc.  Sailors  and  airmen  have  no  difficulty  in 
accessing  over  fifty  different  parameters  for  display 
by  simply  pressing  one  of  seven  data  category  buttons 
until  they  see  the  data  they  want.  For  example,  all 
three  vectors  of  the  classical  navigator's  wind  tri¬ 
angle  are  available  with  three  presses  of  the  VELOCITY 
button . 


Reports  from  the  field  have  been  generally  favorable. 
Soldiers,  shipboard  personnel  and  Army  helicopter 


Similarly,  data  in  the  categories  of  POSITION,  TIME, 
MISSION,  VERTICAL  NAVIGATION,  AREA  NAVIGATION  and 
STATUS  are  rapidly  accessed.  Off-nominal  conditions. 


Figure  38.  Manpack  Control/Indicator  in 
the  Size  of  a  Hand  Calculator,  Fits  inside 
the  RPU  Case,  Has  Simple  Rotary  Switch 
Data  Selection 


such  as  intense  Jamming,  are  instantly  flashed  in  an 
area  of  the  control  panel  dedicated  to  alerts  and 
warnings  (see  Figure  39). 


DATA  SELECTION  PUSHBUTTONS 

V’  I 


Figure  39.  Control/Indicator  Unit  for  Ships  and 
Aircraft  has  Sunlight  Readable  Displays, 
Pushbutton  Data  Access,  No  Menus 

SUMMARY 


Results  of  initial  and  mostly  informal  testing  have 
met  or  exceeded  specification  requirements  for  accur¬ 
acy,  acquisltlon/reacqulsltion  time,  anti-jamming 
performance  and  human  factors.  The  oscillator  is 
shown  to  be  a  key  part  of  the  system  performance. 
Within  the  present  limitations  of  satellite  signal 
availability,  soldiers,  sailors  and  airmen  exhibit  an 
overwhelming  preference  for  the  new  GPS  equipment  over 
their  pre-existing  on-board  navigation  systems.  The 
equipment  is  designed  to  capture  the  performance/cost 
benefits  of  advancing  technology  without  major  retro¬ 
fit  or  redesign  implications.  New  installations  may 
be  olanned  without  risk  of  subsequent  retrofit  or 
early  obsolescence.  The  last  product  delivered  will 
be  compatible  with  the  first  product  delivered. 
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FOR  THE  TACAMO  AIRCRAFT 
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Sunuaary 

The  Navy's  Tacamo  program  employs  a  time  and 
frequency  reference  system  consisting  of  two  identical 
crystal  standards  —  each  capable  of  fifty  hours  of 
battery  operation  —  and  a  satellite  time  reference 
capable  of  receiving  UTC  from  the  Navy  Navigational 
Satellite  System  (NKSS).  The  latter  instrument 
contains  an  integral  rubidium  frequency  standard  for 
calibration  purposes.  In  use,  such  a  system  allows  a 
triple  redundancy  in  the  timing  signals  necessary  for 
the  operation  of  the  Tacamo  System,  and  additionally 
allows  the  crystal  standards  to  be  battery  operated 
(which  gives  protection  against  nuclear  electromag¬ 
netic  pulse  damage).  In  case  of  loss  of  the  NNES 
signal  the  system  not  only  remains  functional  using 
the  crystal  clocks  but  in  addition,  one  of  the  crystal 
clocks  can  be  used  to  obtain  time  at  a  ground  ility 
through  its  use  as  a  portable  clock  with  fifty  .icur 
batter;^  operation.  This  paper  describes  the  design 
and  function  of  the  Tacamo  Survivable  Time  System. 

The  Satellite  Time  Reference  is  a  multiplie 
function  rack  mountable  instrument  that  provides  UTC 
through  reception  of  the  fiducial  time  mark  broadcast 
by  the  NNf.S  satellite  constellation.  The  STR  displays 
time  of  day  and  provides  a  serial  time  code  output, 
both  derived  from  an  internal  ^  pps  which  is  derived 
in  turn  from  the  5  MHz  provided  by  the  STB's  rubidium 
standard.  A  number  of  other  functions  are  available. 
These  include  the  capacity  to  compare  external  time 
and  frecuency  sources  to  each  other  and  to  the 
internal  oscillator.  The  major  functions  of  the 
instrument  are  performed  using  a  6802  microprocessor. 
UTC  can  be  acquired  and  maintained  to  within 
approximately  30  microseconds. 

The  Frequency  .Standard  is  also  a  multiple 
function  rack  mounted  instrument;  it  employs  as  its 
internal  reference  a  version  of  the  FT.C  °000 
nscillatcr  which  features  stah|.|.ity  in  the  '0  • 

range  and  aging  of  parts  in  '0  per  day.  The 
instrument  displays  time  of  day  and  is  capable  both  of 
synchronizing  its  clock  output  to  an  external  sianal 
and  of  advancing  its  '  pps  output  using  front  panel 
controls.  Internally,  the  instrument  contains  clock 
buffers  and  time  circuitry  as  well  as  automatic  switch 
over  capability  to  protect  against  loss  of  its 
internal  or  external  frequency  reference  signals.  In 
addition,  it  contains  batteries  and  a  multifunction 
power  supply  capable  of  operation  from  various  power 
sources . 

Introduction 

There  exist  various  methods  which  have  been 
proposed  to  .satisfy  the  Navy's  need  to  communicate 
with  its  submarines  wh  they  are  underwater.  Among 
these  are  the  EL'’  3y.o'  ,  whose  ma,jor  drawback  is  that 

it  cannot  be  implemented  as  a  hardened  system  without 
the  possibility  of  major  environmental  impact;  a  sys¬ 
tem  involving  the  use  of  laser  in  the  blue-green 
range  mounted  on  a  satellite;  and  the  method  to  be 
discussed  in  this  paper  -  the  VLF  TACACHO  survivable 
ays  tern . . 


TACAMO  -  an  acronym  for  "take  charge  and  move 
out"  -  consists  of  a  squadron  of  C-'30's  and 
associated  communications  equipment.  One  aircraft  can 
be  airborne  at  all  times,  ready  to  relay  the  emergency 
action  message  (EAH)  to  the  submarine  fleet.  The 
Tacamo  aircraft  is  a  communications  center  whose 
function  is  to  receive  the  FAM  via  UHF,  HF,  or  VLF 
from  a  ground,  airborne,  or  satellite  source  and 
retransmit  it  via  VLF  to  the  submarine  fleet. 
Transmission  of  the  FAM  requires  an  accurate  time  and 
frequency  reference.  This  requirement  has  been  met  by 
Frequency  and  Time  Systems  (FTS)  through  its  develop¬ 
ment  of  a  time  and  frequency  reference  system  for  the 
Tacamo  program. 

Tacamo  Message  Transmission 

Efficient  wide-area  radiation  from  a  VLF  antenna 
of  course  requires  an  antenna  whose  dimensions  are 
large  compared  with  aircraft  dimensions.  This  is 
accomplished  in  the  C-'30  by  trailing  a  wire  of  about 
six  miles  in  length  and  continously  flying  the 
aircraft  in  a  small  circle  so  as  to  form  the  antenna 
into  a  rough  helix.  Because  of  the  short  depth  of 
penetration  of  VLF  as  compared  to  FL'',  the  receiving 
submarine  is  required  to  trail  an  antenna  of  its  own, 
some  two  thousand  feet  in  length.  The  submarine  car. 
stay  submerged  at  some  depth,  but  the  trailing  end  of 
the  antenna  musr  be  within  about  thirty  feet  of  the 
surface  for  reception. 

Time  System  Configuration 

The  time  and  frequency  reference  system  on  board 
the  aircraft  is  configured  to  be  triply  redundant. 

The  system  consists  of  three  instruments  -  two 
identical  Frequency  Standards  (FS)  and  one  Satellite 
Time  Reference  (STR).  Each  FS  contains  a  quartz 
oscillator  -  the  FTS  9' 05  -  whose  aging  is  better  than 
five  parts  in  ’O''  per  day.  The  STR  is  a 
satellite  receiver  whose  function  is  to  receive  data 
from  the  Transit  satellite  system,  adjust  it  for 
range,  and  correct  the  instrument's  internal  clock. 
Both  devices  -  the  F.S  and  the  STR  -  make  available  a 
variety  of  digital  and  sinusoidal  signals  for  use  by 
aircraft  systems. 

Aircraft  use  occurs  in  the  Tacamo  system 
according  to  a  specific  deployment  cycle,  and  the  time 
system  has  been  designed  to  fit  within  the  constraints 
of  that  cycle.  One  cycle  consists  of  seven  missions 
of  ten  hours  each,  with  a  fifty  hour  layover  between 
missions.  The  frequency  standards  are  required  to  be 
portable  and  to  operate  on  battery  power  when 
necessary.  The  STR  remains  fixed  on  the  aircraft. 
During  each  layover  period.  One  FS  is  housed  in  a 
ground  facility;  at  the  beginning  of  a  mission,  it  is 
updated  with  UTC  and  brought  to  the  aircraft.  With 
aircraft  engines  on,  primary  power  is  now  available 
for  the  STR  which  now  has  time  transferred  to  it  from 
the  FS  that  has  .just  been  carried  on  board.  The 
remaining  FS  may  also  receive  a  time  update. 

During  a  mission,  satellite  time  updates  are  from  time 
to  time  available  through  the  STR.  When  this  occurs. 
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the  operator  h^s  the  option  to  transfer  tine  from  the 
fTR  to  the  ■♦■wo  frequency  standards.  AT  the  end  of  a 
mission,  aircraft  power  is  shut  down,  one  r?  is 
renovel  fror.  ^he  aircraft:  the  renain-n^  runs  on 
tat^:ery  power  for  the  len<?th  of  the  layover  period. 

Transit 

rar,.--i "  ~  r.ore  formally,  the  ?'avy  favir'ation  Satellite 
fv’ster  ffff  '  ~  is  a  constellation  of  five  satellites 
^rran/'v.:  in  polar  orhits  of  a  radius  of  about  4700 
r^iles.  'r'ach  satellite  continously  transnits  tine  and 
er’ren.eri-  lata.  ’'Bvii'’a!:ional  use  of  the  syster. 
ir.vol'/es  nessaoe  recertion  fron  one  satellite  and 
oor.p':tati  or.  of  rosi*’ion  based  on  the  tine  and 
satellite  position  data  the  satellite  has  itself 
ransui  *■  ted  .  Frher.eris  data  -cives  satellite  position 
’:o  within  fiv*^  n.eters;  tine  'iata  rives  tine  to  within 
apprcxinatel;.'  .i  s .  Tr.  navifa  ticnal  use,  two  or  rr.ore 
':ranBr.iss.ior.s  fron  the  sane  satellite  are  used  to 
'■'^-np  it-''  a  chanre  in  satellite  slant  ranre.  Hsir.f^  an 
ass un:r'i''’'cs  1 1 ion  r.e^’hod,  several  ranre  changes  are 

i.-.e  inf 0 rr.a t i ''T.  is  transmitted  bp*  the  satellite 
1-;  th>='  •'''■■■m.  cf  a  "fiducial  time  r.arh"  which  occurs 
‘-very  twr.  r.lr.ut'=.o  :n  the  course  of  a  satellite  ^'less. 

A  s.ar.t  T'^nre  calculation  can  be  used  to  compute 
r r.; r t or.  ielap*  hetwecn  the  satellite  and  the 
r^-ce-i'-er,  and  ^his  is  :r  fact  the  principle  of 
orerati':n  of  tr,e  fif.  Calculation  of  position  is  not 
ru;c^'‘cc a r;/  as  ♦‘he  sp'st^^'m  is  rreser.tly  realinevd; 
r.ositl':r.  ir.fcrrr.a'ion  car.  b*-  entered  automatically  via 
a  Hr.':  •^i*:h  the  aircraft  in‘=Ttial  navif^atior.  syster. 
'inf),  or  it  can  be  entered  manually  from  the  ^ront 
panel  of  ^:■le  .^TP. 

'"he  Satellite  Tine  Peference 

'"te  prir.ary  purpose  of  the  3TP.  (block  diagram: 
Pirure  H'  is  *0  deliver  .NN3S-derived  'JTC  to  the  user 
via  a  serial  tire  code  output  and  a  ^  pps  output. 

“There  is  a  front  panel  tir.e-of-day  display,  various 
suprlenentar/  outputs,  and  a  variety  of  additional 
f'lnctions  controlled  thrcurh  front  nanel  switches, 
"irital  cutput.s  include  ♦  pps,  ^  PP^f  shd  the  time 
code,  '"here  i."  also  a  5  Mhz  sinusoid  output.  The 
T'"P's  frequency  reference  is  an  internal  rubidium 
standard,  althou^:h  it  is  possible  to  switch  to  an 
external  “  '\:\z  reference.  A>itomatic  reference 
switchover  is  provided  to  prevent  loss  of  tine  due  to 
Ic.cs  ^  ref'^r^'Tice  . 

In  use,  tire  i.s  kept  hy  a  micro.second  clock 

hv  th<='  3  V.V.z  reference.  The  microsecond  clock 
rryluccis  th«  ♦  ppn  and  i.s  read  when  necessary  by  the 
.''T’-^’s  r.i  srorrucesscr,  a  (H)7,  After  satellite  messafro 
rec^^ptH.^n  ^nd  ■’i  ♦■'^^  c^  ‘-*='veral  satellite 

JO i-rec 1 1 'Ji  tri«  rn  c roproce.ssor  i^iakes  a  deci.sior  about 
data  valilH.y  bnsud  on  the  stati.stical  distribution  of 
j-c.-o-;  vf.  ’  n.'.rrf-'^t'i  onn.  '"he  operator  is  then  alerted 
Ta*;  a  r  reo  *:  i  s  r.  has  been  calculated,  and  can  at  his 
o:^"iun  a  '•'w  i  c  roprocesuor  to  correct  the 

,uio'’0:’‘^''orid  ':locr;. 

•'  !  1 :  h i 1  function.^  oi  the  .ITP  include 
"■  .-.pj  .  r “T f* r. *  *’1  a nd  f  requ ‘^ncy  d i  f  f e renc e •  Time 

iiffer^r.ce  h^it'ween  the  in.strument '  s  internal  '  rpa  and 
a.o  f-yt^rruil  '  t.pu  can  be  measured  to  within  ^  ts. 
"rasioocy  'IHferer.oo  between  the  internal  rubidium 
Spaniard  ar/l  an  external  ^  VHz  source  can  be  measured 
t.',  '  r.'irt,  ir. 


The  STR  needs  positional  information  to  calculate 
slant  range;  this  is  provided  by  the  aircraft  INS  in 
standard  ARINC  data  format.  Front  panel  indicators 
provide  information  about  this  and  other  functions; 
addtional  indicators  show  fault  status  of  various 
monitored  internal  assemblies  and  functions. 

The  Frequency  Standard 

The  ?S  (block  diagram:  Figure  2 )  is  a  multiple 
function,  multiple  output  instrume.nt  using  the  FTS 
9' 05  oscillator  as  its  internal  reference.  The 
instrument  displays  time-of-day  derived  from  its  '  pps 
output,  a.nd  is  capable  both  of  synchronizing  its  '  pps 
output  to  an  external  '  pps  a.nd  of  advancing  its  '  pps 
output  using  front  panel  controls. 

Provided  are  a  total  of  six  sinusoidal  outputs. 
Four  are  5  rtHz;  the  other  two  are  '  y.F.z  and  '  OC  kHz. 
Six  pulse  outputs  are  provided;  there  are  three  '  ppm 
outputs,  two  '  pps  outputs,  and  a  time  code  output. 

"he  time  code  is  a  24  bit  serial  PCD  word. 

The  internal  5  XHz  crystal  oscillator  normally 
provides  the  reference  for  the  instrument,  but  an 
external  5  MHz  source  oar.  be  switched  in  from  the 
front  panel,  h'pon  the  loss  of  this  source,  the 
instrument  automatically  switches  back  to  the  internal 
reference. 

The  front  panel  time-of~day  display  is  settable 
via  pushbuttons  and  a  thumbwheel  switch.  The  tine 
code  output  provides  the  time  shown  by  the  time  of  day 
display.  A  set  of  thumbwheel  switches  allows  the  ' 
pps  to  be  advanced,  in  '  us  increments,  from  0  to 
999,999  u3*  Additionally,  a  front  panel  jack  is 
'•rovided  to  allow  synchronization  of  the  internal 
1  pps  to  an  external  '  pps.  The  tim.e  of  day  display 
and  time  code  output  both  move  forward  to  agree  with 
the  '  pps  output  after  it  has  been  advanced  or 
synchronized . 

’’'he  FS  is  capable  of  operation  from  a  variety  of 
power  sources,  and  the  instrument  automatically  varies 
its  use  of  power,  dropping  or  adding  non-essential 
‘"unctions,  depending  on  the  power  source.  Power 
source  selection  is  automatic  -  upon  loss  of  AC  jiower, 
external  DC  power  will  be  switched  on;  if  neither 
external  PC  or  AC  are  available,  the  internal  battery 
will  take  over.  Rattery  capacity  exceeds  75  hours  at 
25'C.  The  internal  battery  is  recharged  automatically 
if  external  AC  or  DC  power  is  available. 

Conclusion 

The  Tacamo  time  reference  system  makes  available 
5  MHz,  *  pp3,  and  time  code  from  each  of  the  three 
instruments  for  use  by  aircraft  systems.  Because  of 
the  strategy  of  powering  one  frequency  standard  on 
batteries  while  cn  ground,  the  system  is  rendered 
resistant  to  power-line  FMP  transients.  The  system 
has  been  designed  to  allow  ti.me  to  he  transferred  back 
and  forth  between  all  instruments:  failure  of  as  many 
as  two  instruments  will  destroy  its  time-keeping 
effectiveness.  Tt  can  be  seen,  then,  that  the  Tacamo 
time  find  frequency  reference  system  has  been  designed 
for  flexibility  and  reliability,  and  will  find 
applications  out.side  of  its  original  purpo.se  as  a 
timekeeper  for  the  Tacamo  aircraft. 
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Summary 

In  tnis  paper  thermal  exchanges  in  resonators 
arc*  first  considered  from  a  general  p"int  of  view. 

Internal  heating  of  B.V.A.  type  quartz  resonators 
can  be  used  in  conjunction  with  regular  heating 
inside  an  oven.  Internal  heating  takes  advantage 
of  .high  vibration  levels  (typically  1  to  60  mw) 
and  happens  inside  the  very  bulk  material  :  as 
a  result  thermal  gradients  are  fairly  low.  In  addition 
warm-up  time  can  b-.*  reduced  and  the  oven  design 
can  be  somiewhat  simplified.  It  turns  out  that  the 
frequency  overshoot,  usually  observed  during  warm-up, 
disappears.  Warm-up  time  finally  depends  almost 
only  on  the  oven  characteristics.  Internal  heating 
is  also  very  interesting  if  a  resonator  highly 
isolated  thermally  is  used.  Then  the  resonator 
allows  the  use  of  very  poor  ovens,  leading  to  size 
and  cost  reduction. 


for  crystal  behaviour  when  the  resonator  is  submitted 
to  temperature  variation  (this  includes  warm-up). 
In  fact,  for  proper  use  of  this  advance,  a  model 
for  temperature  and  temperature  gradient  repartition 
in  the  very  crystal  material  is  needed.  Until 
now,  the  lyc^el  used  was  the  model  introduced  by 
R.  Holland  '  in  1974.  This  model  consists  in 
an  infinite  plane  plate  exchanging  thermal  energy 
with  outside  world  through  the  two  limiting  planes. 
Acoustic  energy  is  considered  as  uniform  throughout 
the  plate.  The  only  thermal  gradient  supposed 
to  appear  is  parallel  to  the  plate  thickness. 
A  new  model  taking  into  account  energy  trapping 
and  radial  djjmgnsions  of  resonator  has  recently 
been  proposed  ’  .  This  model  shows  evidence  of 
a  radial  thermal  gradient  which  turns  out  to  be 
important  since  the  thickness  thermal  gradient 
can  be  usually  ignored  in  a  first  order  approximation. 
Using  this  new  model  a  theoretical  understanding 
of  crystal  dynaraica^  behaviour  is  proposed  elsewhere 
in  these  proceedings  . 


Heating  caused  by  dielectric  losses,  in  every 
.microscopic  volume  of  the  bulk  material,  under 
effect  of  microwave  electric  field,  can  also  be 
used  for  fast  warm  up  applications. 

A  new  type  of  crystal  has  been  designed  which 
include,s  a  B.V.A.  type  regular  crystal  installed 
in  a  quartz  reentrant  high  Q  cavity.  The  high  0 
of  the  cavity  acts  like  a  .multiplier  of  electric 
field.  In  the  paper,  the  total  device  is  described 
(basic  type  is  a  5  MHr  miniature  unit  using  a  3.6 
GHz  microwave  field)  and  different  possible  solutions 
are  reviewed.  Electrical  characteristics  are  given 
for  the  microwave  oven  and  source.  This  new  type 
of  crystal  unit  allows  very  fast  warm-up  characteris¬ 
tics  a.nd,  at  the  same  tij;e,  drastically  minimizes 
t.her.mai  gradients.  Under  certain  conditions,  the 
variation  of  temperature  with  time  car.  be  made 
very  .simiLar  for  quartz  and  electrodes  materials. 
As  a  result  an  excellent  thermal  balance  is  obtained 
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In  this  paper,  the  main  results  leading  to 
a  radial  thermal  gradient  model  are  presented 
and  discussed.  As  a  consequence,  thermal  conduction 
through  electrodes  can  usually  be  ignored.  Thermal 
energy  location  is  taken  into  account,  the  resonator 
beeing  considered  as  a  Fabry-Perot  acoustical 
interferometer.  Thermal  energy  provided  by  acoustical 
energy  degeneration  inside  the  very  vibrating 
crystal  is  calculated  (it  is  very  close  to  electrical 
energy  applied  to  electrodes).  This  enei^g^  can 
be  used  for  internal  heating  of  crystal  ’  and 
consequently  can  be  used  to  reduce  warm-up  time. 
Only  this  last  aspect  is  considered  here.  Then 
a  new  type  of  crystal  including  a  B.V.A.  type 
regular  crystal  installed  in  a  quartz  reentrant 
high  0  cavity  will  be  presented. 


Calculation  of  various  thermal  conductances 

Traditional  resonators 

Heat  transfer  occurs  by  conduction  through 
residual  gas  and  solid  material.  It  also  occurs 
via  radiation.  Gaseous  condigrtion  can  always 
be  ignored  in  ordinary  resonators  . 

*  Solid  conduction.  It  occurs  through  electrodes 
and  fixations  and  through  the  quartz  material 
itself.  The  first  conduct! 3n  usually  corresponds 
to  less  tha^  0.5  %  of  the  conduction  through 
quartz  itself  (see  Fig.  1). 


rrTi'HODUCTI_''jN 

Ar.  import:arH  advance  has  been  accomplished 
in  un  lers tand trig  of  dynamic  thermal  phenomena  with 
introduction  of  a  phjrnomenological  dynamic  coefficient 
by  .R.'ill'if.o  and  7ig  .  Tliis  coefficient  is  evaluated 
separately  for  each  crystal  design  and  accounts 


•  Conduction  due  to  radiation  processes. 
Ref  8  shows  that,  provided  temperature  difference 
between  quartz  and  crystal  enclosure  is  small, 
thermal  conductance  is  given  by  : 

4  e  r  as  T-i 
y  -  t'  a  3 _ 

'  1  -  (  1  -  Cg)(  ;  -  (1) 


CH2062  0/84/0000  0366$  1.00(C)  1984IEEE 
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where  e  and  e  are  the  enissive  factors  of  crystal 
e  q 

enclosure  and  quartz  body,  a  is  the  STEFAN's  constant, 

S  and  S  the  surfaces  of  enclosure  and  crystal, 
e  q 

and  T  the  temperature  of  the  crystal. 

For  example,  let  us  consider  a  glass  or  ceramic 
enclosure  surrounding  a  resonator  15  mm  in  diameter, 
electrodes  beeing  10  mm  in  diameter  and  temperature 
beeing  350  K.  We  obtain  : 

-5  -1 

-  between  electrodes  and  enclosure  :  Y  =  5.8  10  WK 

r 

-3  -1 

-  between  crystal  and  enclosure  :  Y  =  1.7  10  WK 

r 

It  turns  out  that  radiation  exchanges  through 
electrodes  are  relatively  very  small. 


energy  density  may  be  considered  as  constant  along 
thickness  (at  least  as  a  first  approximation). 

*  Thermal  energy 

The  electrical  power  P  applied  via  crystal 
electrodes  is  dissipated  : 

-  by  Joule  effect  in  crystal  and  connections  (P^) 

-  by  dielectric  losses  in  piezoelectric  medium  (^2^ 

-  by  electromagnetic  radiation 

-  by  internal  viscosity  (P^) 

Obviously,  and  P^  are  dissipated  inside 

the  bulk  crystal  medium.  Orders  of  magnitude  can 
readily  be  obtained  : 


Comparison  of  exchanges  through  different 
processes .  Fixations  conductance  of  a  5  ^Hz 
or  3C  crystal  is  usually  close  to  2.2  10  WK 
In  that  case,  exchanges  occur  roughly  for  50% 
through  fixations  and  for  50  %  via  radiation  processes 
( see  Fig .  3 ) . 


In  the  particular  case  of  golden  enclosures 
radiation  conductances  are  divided  by  10.  Radiation 
exchanges  only  represent  5  %  of  total  thermal 

exchanges . 


5.V. A.^  Resonators 


B.V.A.^  is  the  most  usual  B.V.A.  design 
Electrodes  are  deposited  onto  quartz  disks  on 
each  side  of  the  vibrating  crystal.  Distance  between 
electrode  and  crystal  is  in  the  order  of  10  p  m. 

*  Solid  conduction.  It  goes  through ^  quarjz 

bridges  and  typical  conduction  is  4.2  10  WK 

*  Conduction  by  radiation  processes .  Due 
to  the  symmetry  of  Eq  (1)  the  result  is  identical 
to  the  result  obtained  for  a  classical  design. 

*  Comparison  of  various  exchanges.  On  Fig. 
4  the  various  contributions  to  thermal  exchanges 
are  summarized. 


Energy  location 


Joule  effect  can  be  ignored  in  crystal 
but  not  in  connecting  wires.  Hence  ^  =:  10  . 

Po 

-  depends  on  the  quantity  tg  6  where 

‘  *+ 

R.  is  the  motionnal  resistance  and  C  the  static 
capacitance  of  crystal.  For  regular  units  ranges 

from  10“®  at  5  MHz  to  10“^  at  500  MHz. 

P,  ?- 

-  _  turns  out  to  practically  equal (from 

^4  .  Pu 

5  MHz  to  500  MHz). 

,  -  P,  turns  out  to  almost  equal  P  (with  a 

—3  4  o 

10  approximation)  in  usual  frequency  ranges. 

Finally,  thermal  power  dissipated  in  crystal 
is  extremely  close  to  electrical  applied  power 

P  . 

o 

In  conclusion,  an  internal  heat  source  of 
radius  r  (Fig.  5)  located  under  electrodes  delivering 
the  thermal  power  P  can  be  considered  as  a  first 
approximation.  Heat  flux  flows  to  fixations  (Fig. 
7).  In  the  electrode  zone  thermal  gradient  is 
radial  and  does  not  include  a  component  along 
thickness.  In  the  area  external  to  electrodes, 
due  to  radiation  processes,  thermal  gradient  does 
include  a  thickness  component.  Hence  the  main 
vibrating  zone  (radius  r  /~2)  only  shows  a  radial 
thermal  gradient. 


*  Vibrationnal  energy 


Internal  Heating 


A  plano-convex  quartz  resonator  can  be  compared 
to  a  spherical  Fabry-Perot  optical  interferometer  . 
When  an  overtone  (n,  o,  o)  operation  is  considered, 
acoustical  energy  is  located  in  the  central  area 
according  to  a  gaussian  law  : 


qi,  r )  = 


V  c 


o 


Fig.  5  shows  a  vibration  equivalent  in  energy 
but  exhibiting  a  constant  energy  11  on  a  circle 
of  radius  r  .  Usually  r  is  one  third  of  the  radius 
of  the  total  resonator. 


Electrodeless  B.V.A.  type  resonators  stand 
very  high  vibration  levels  without  important  degrada¬ 
tion  of  aging  (exemple  a  5  MHz  fifth  overtone 
crystal  driven  at  2.8  mw  yields  typical  aging 
of  3.5  10  ^/day).  Traditionnal  WARNER'S  technique 
electroded  resonators  are  always  driven  much  lower 
(in  the  microwatt  range)  ;  as  a  consequence,  internal 
thermal  energy  available  is  negligible.  This  is 
no  more  the  case  with  B.V.A.  electrod^less  resonators 
driven  at  power  levels  more  than  10  larger.  Then, 
thermal  energy  inter^a^ly  available  can  be  used 
for  warm-up  purposes  ’  .  Two  different  types  of 
application  are  now  discussed. 


A  -  Obtaining  turn-over  point  via  Internal  heating 

In  fact  vibrations  in  the  crystal  cause  thermal 
sources  to  appear  inside  the  bulk  material.  Those 
heat  sources  correspond  to  vibration  modes  (Fig. 

6  shows  '  third  overtone  repartition).  Since  thickness 
of  resonator  is  small  compared  to  other  dimensions. 
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In  1979,  we  discussed  a  highly  isolated  electro¬ 
deless  resonator  and  showed  that  the  drive  level 
needed  to  Keep  it  at  turn  over  was  reasonable. 


i-ut  .  'r.e;3e  riit^r.ly  isolJi'eJ  re^cnators  are  laboratory 

exuonsivv)  tl.at.  do  not  stand  high 
1  c  r  ;  r  1  j .  1  e  ve  *  s  . 

do,  r.e'A  :'esor;af.ors  of  the  classical  B.V.A. 
V 1  vc ’  r design  '.with  only  a  few  changes 
ir:  soppcr'T  ;  strue  tu.'-e  r.ar.eriaii  were  built. 

Td.e  res  v;;:i  r  o:'s  wen-  \  Mnz,  tJiird  overtone,^  SC 
CO"  crystals  witdi  a  tnvrn.ai  conductance  of  2.6  10 
\  y.  an.:!  a  .h‘  n.inutes  tintr  constant.  The  crystal 
was  Si"‘:.'i.y  pl.iced  in  a  dev/ar.  Turn  over  f”"’.5‘’C) 
C'j.ii.;;  ee  ob!air.e-i  aft-r  i  nour,  only  by  internal 
heatinn,  w:’h':)ut  classical  over..  The  oven  was 
in.  fac  r-p  l..;c  •■•d  oy  ar.  .e..x ’’ernal  oscillator  delivering 
s'l  "w  'rs'  crys’-al*''  daning  warm-up  time.  This 

exper  ler.c-  uirec’ly  '.oids  low  consumption  oscil- 


B  -  "■-■d.;c^  I  on  ot  warm-up  lime  via  internal  heating 


crystal  in  conjonction  with  internal  heating. 
Experiments  are  still  carried  on  but  p’  liminary 
results  show  warm-up  time  reduction  from  37  minutes 
down  to  25  minutes. 

Reduction  in  size  of  B.V.A.  electrodeless  units 

New  5  MHz  B.V.A.  crystals  have  been  designed. 
The  total  diameter  of  crystal  (external  ring 
included)  is  13.2  mm.  Then,  ordinary  5  MHz  resonator 
enclosures  can  be  used.  This  reduction  in  size 
proved  to  be  extremely  helpfull. 

f'irst,  using  AT  cuts  crystal,  it  w^s  possible 
to  reach  the  frequency  within  .?•  10  after  9 
minutes  starting  from  ambient  temperature  and 
after  11  minutes  starting  from  -40°C.  A  simplified 
oven  was  used  for  this  preliminary  experiment 
and  the  oven  wiring  was  directly  in  contact  with 
the  crystal  can. 


••eiuC'ion  of  warm.-L:p  tiir.e  is  an  extremely 
Jiffi.'^i*.  chaiienge.  Ae  experienced  several  steps 
ir-.  ^his  red'jctio.t  always  using  SC  cut  elec trodeless 
A.  resonators.  .Vs  a  first  step  ordinary  (large) 
A,  ^ryst'ils  were  used,  then  internal  heating 
was  added,  finally,  i'^portan»-  r*="duction  in  size 
of  r.'v.'-i.  units  was  used.  Much  work  is  still 
*:o  be  done  but  yet  interesting  indications  can 
rilre'idy  be  given.  The  warm-up  tine  necessary 

to  re'-iCTi  the  frequency  with  an  accuracy  of  10 
wiil  be  cor'is  i  dered  . 

’■’sing  ordinary  B.V.A.  SC  cut  electrodeless  crystals 

.,’1 1 r.Hb '..able  quartz  crystal  oscillators  usually 
need  ,3.0  minutes  to  reach  the  frequency  within 
a  1 '.  '  accuracy,  using  B.V.A.  units  do  not  signifi¬ 
cantly  changes  this  result.  However,  using  a 
B.V.A.  5  MHz  5C  cut  third  overtone  crystal,  inside 
a  moJified  commercial  unit  allowed  a  warm-up 
ti-^.e  of  37  minutes  (see  Fig.  8).  Modifications 
of  tite  unit  ba.sically  concerned  electrical  features 
of  oven.  The  crystal  was  driven  at  a  210  yw 

level . 

Addirig  internal  heating 


Since  the  former  result  is  interesting 
small  SC  cut  eiectrcdeless  crystals  have  also 
been  designed.  It  is  planned  to  use  them  in  conjunc¬ 
tion  with  internal  heating.  Warm-up  times  In 
the  order  of  3  minutes  are  expected  (starting 
from  ambient ) . 

In  conclusion,  we  believe  the  preliminary 
results  to  be  encouraging.  However  further  improve¬ 
ments  can  be  of  interest.  Especially  the  power 
used  for  internal  heating  should  be  an  adequate 
function  of  time.  For  best  results,  several  heating 
sources  will  probably  have  to  be  used  together 
(power  applied  on  resonator,  power  on  classical 
oven  and/or  power  used  for  internal  heating  . .  .  ) . 

Heating  quartz  m.aterial  via  dielectric  losses 

Dielectric  losses  occur  in  every  microscopic 
volume  of  the  bulk  material.  Hence,  this  process 
is  homogeneous  and  independant  from  thermal 
conductivity  of  the  crystal.  The  power  P  delivered 
per  unit  volume  U  is  given  by  : 

F' 

=  tt  F  E  tg6 


Prel iminary 
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Another  experiment  was  also  carried  out 
with  the  same  crystal  but  the  oven  wiring  was 
wired  directly  on  the  crystal  enclosure  in  contact 
with  the  temperature  sensor.  The  warm-up  time 
turned  out  to  be  70  minutes.  Adding  internal 
heating  yielded  a  warm-up  time  reduction  down 
to  ih  minutes. 


Experiments 
using  the  unit 


have  been 
and  an 


recently  undertaken 
ordinary  BVA  SC  cut 


where  E  is  the  electric  field,  F  the  frequency, 
C  the  permittivity  and  6  the  loss  angle. 

In  the  microwave  frequency  range  choosen 
(from  2  GHz  to  4  GHz)  we  measured  (by  classical 
perturbation  methods)  : 

r  -4 

tg  6  .  2.5  10 

Hence,  at  F  ^  4  GHz  : 


But,  if  we  wish  a  temperature  increase  ol  1°C 

p 

‘  c 

per  second  -g-  has  to  be  : 

I 

‘  c  f  -.  3 

—  =  .  .TM  10  W  ''n 

From  which  we  derive  that,  the  power  needed  to 
obtain  a  temperature  increase  of  l^C/s  in  a 
small  B.V.A.  perfectly  isolated  unit  (0.1  cm 
in  volume)  is  ^00  mw  and  corresponds  to  an  electric 
field  of  45.10'^  V/m. 
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A  new  type  of  crystal  has  been  designed 
which  includes  a  B.V./..  electrodeless  crystal 

installed  in  a  reentrant  high  0  cavity.  The  B.V. A. 
resonator  is  13.2  mm  in  diameter  (external  ring 
included)  and  electrodes  deliver  at  the  same  time 
the  microwave  frequency  and  the  metrological  5 
MHz.  Since  the  reentrant  cavity  can  usually  be 
made  with  a  loaded  0  of  500  or  larger  the  generator 
power  necessary  to  obtain  a  temperature  increase 

of  l°C/s  is  reasonnable.  In  the  case  of  the  previous 
crystal  (1.1  mm  in  thickness),  P  is  close  to 
200  mw  and  only  needs  a  generator  of  1.5  Wt  In 
fact  it  is  easy  to  show  that  the  high  0  of  the 
cavity  acts  like  a  multiplier  of  electric  field. 

Fig.  10  shows  an  experimental  reentrant  cavity 
that  was  used  to  check  the  possibility  of  fast 
warm-up  applications. 


From  central  part  to  edge  the  field  variation 
is  only  4  %.  It  is  necessary  to  point  out  that 
the  external  ring  of  the  B.V. A.  resonator  sits 
also  in  the  microwave  field  so  as  to  cancel  out 
thermal  gradients  in  the  B.V. A.  quartz  structure. 
Using  the  parameters  listed  previously  (in  particular 
0  is  now  650),  and  since  a  3  gaps  cavity  is  conside¬ 
red, ^  it  can  be  seen  that  an  electric  field  of 
5010  V/m  is  obtained  for  a  microwave  source  of 
Iw  corresponding  to  =  100  mw  on  the  crystal. 

FUJISAWA  calculations  are  only  valid  under 
given  assumptions.  So  we  used  a  method  developped 
by  JAWORSKI  and  extended  by  RAULIN  to  the  3 
gaps  cavity.  In  particular  it  could  be  seen  that 
power  appearing  by  Joule  effect  in  cavity  was 
approximately  equally  shared  between  electrodes 
and  cavity  enveloppe. 


The  various  important  dimensions  are  : 

r  =6. 6mm  r,  =1.4mm  h=13.5mm 

o  1 

gap  =  1 . 1  mm  i  =  6 . 1  mm 

The  cylindrical  body  Q  of  cavity  is  thin 
{0.3  mm)  golden  brass  and  acts  also  as  the  usual 
crystal  enclosure.  The  vibrating  quartz  wafer 
is  placed  inside  central  gap  0  .  Electrodes  slightly 
press  on  the  external  ring  of  B.V. A.  crystal. 

Electrodes  are  metallic  hollow  cylinders  whose 
faces  are  recessed  from  vibrating  crystal  surface 

by  approximately  20  p  m.  Two  gaflon  rings  isolate 
and  maintain  electrodes.  Microwave  are  introduced 
in  cavity  by  capacitive  coupling  (s)  .  Two  tiny 

wires  (g)  connect  electrodes  to  5  MHz  crystal  oscil¬ 
lator.  So  as  to  prevent  microwave  losses  those 
'■wo  wires  are  placed  inside  small  cylinders  elec¬ 

trically  connected  to  cavity  body  in  areas  where 
electric  field  is  null. 


Electrical  characteristics  for  microwave  oven 
and  source 


Finally,  the  resonator  is  heated  up  by  dielectric 
losses  and  the  electrodes  and  external  enveloppe 
by  Joule  effect  due  to  induced  currents . Moreover , 
if  the  electrodes  and  external  cavity  enveloppe 
are  properly  designed,  the  variation  of  temperature 
with  time  can  be  made  very  similar  for  quartz 
and  electrodes  materials. 

18 

Preliminary  calculations  showed  that  45  % 
of  power  is  dissipated  in  the  external  enveloppe 
of  cavity,  46  %  in  electrodes  and  9  %  in  quartz. 
Since  thermal  capacity  of  resonator  is  0.224 
J/K  thermal  capacity  of  one  electrode  has  to 
be  0.560  J/K  which,  for  brass,  means  a  mass  of 
1.5  g.  In  the  same  mamer  the  mass  of  the  external 
enveloppe  of  cavity  was  optimized  to  3  g. 

Experimental  verifications  showed  that  temperatu¬ 
re  difference  between  quartz  and  electrodes  was 
actually  less  than  0.1°C.  As  a  result  an  excellent 
thermal  balance  is  obtained  for  the  unit  and 
thermal  gradients  are  drastically  minimized. 


Experimental  set-up 


Reentrant  cavities  with  one  gap  are  used 

each  time  that  intense  microwave  field  is  needed 
in  a  narrow  space.  Those  cavities  have  been  studied 
in  particular  by  FUJISAWA  and  JAWORSKI^  leading 
to  equivalent  electrical  circuits.  However  we 

were  needing  a  cavity  with  two  isolated  electrodes 
so  as  to  allow  a  )  .V.A.  type  mount.  Then  a  cavity 
with  3  gaps  'hence  equivalent  to  4  identical 
cavities  with  one  gap)  was  choosen  (see  Fig. 

11  j.  In  that  case  the  central  gap  (without  crystal) 
is  twice  thicker  t^an  the^^ two  other  gaps.  The 
section  pla.nes  at  -  and  are  planes  of  null 

electric  field. 

The  "quivalent  electrical  circuit  of  the 
1  gaps  cavity  is  shown  on  Fig.  11.  Measured  values 
of  various  parameters  are  listed  below  : 

y  .  3.246  GHz  C,.  4.9  0.2  pF  9.8  w  0.  3  pF 

02  -  ^  01  03 

L  -  O.H  nH  0  -  tbO  4  10.6  r  0.02b  Q 


The  microwave  operation  is  shown  on  Fig. (12). 
A  V.C.O.  type  generator  working  between  2  and 
4  GHz  is  used  together  with  an  amplifier  (22 
dB)  delivering  a  maximum  power  of  2W.  A  circulator 
separes  incident  wave  from  wave  reflected  by 
cavity.  Control  is  obtained  by  detection  of  reflected 
wave . 

The  crystal  used  is  of  cours„  a  S  MHz  third 
overtone  SC  cut  small  B.V. A.  electrodeless  crystal. 
B  mode  is  used  as  temperature  sensor  with  a  linear 
slope  of  -161  Hz/°C.  Several  experiments  were 
performed  to  obtain  : 

temperature  of  quartz  and  electrodes  versus 
time 

-  warm-up  time  necessary  to  obtain  the  resonator 
frequency 

-  evidence  of  dielectric  warm-up. 


It  IS  easy  to  see  that  yy  total  energy  stored 
is  located  in  central  gap. 


■Jniformity  of 
det<^rmir.ed  by 


electric 
a  method 


field  has  been 
already  used  by 


carefully 
CARR^  . 


•  Calculations  valid  for  0  -  500. 


Experimental  results 


Fig.  13  represents  the  quartz  wafer  temperature 
increase  versus  time  for  different  values  of 
the  output  power  P  of  generator.  B  mode  of  SC 

cut  resonator  is  used  for  temperature  measurement. 

The  cavity  is  thermally  insulated  and  placed 

in  vacuum.  When  P  =  2W,  turn-over  is  obtained 
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after  100  s.  The  microwave  power  applied  on  crystal 
is  240  mw.  Temperature  increase  at  the  origin 
is  1.2“K/s. 

Fig.  14  represents  a  typical  variation  of 
the  5  KHz  frequency  versus  time  in  the  following 
experimental  conditions.  The  cavity  is  placed 
inside  a  regular  oven.  Kicrowave  field  and  regular 
oven  are  started  at  the  same  time.  A  thermistor 
placed  inside  an  electrode  suppresses  the  microwave 
field  when  turn-over  is  reached.  As  it  can  be 
seen,  a  small  frequency  oscillation  is  recorded. 
Warm  up  t^me  necessary  to  reach  the  frequency 
within  10  is  3  minutes.  Overshoot  reduction 
is  possible  by  modulation  of  the  microwave  field 
intensity.  However  optimization  of  the  system 
has  not  been  tried  because  frequency  oscillation 
might  be  caused  by  some  mechanical  imperfection  in 
the  crystal  supporting  structure. 

Fig.  15  shows  temperature  increase  of  quartz 
and  electrodes.  In  the  case  of  the  thick  curve 
each  electrode  has  a  mass  of  1.5  g  ;  as  a  consequence 
quartz  temperature  and  electrode  temperature  are 
almost  identical  (difference  less  than  C.1“K). 

If  the  mass  of  each  electrode  is  6  g,  quartz 
and  electrodes  exhibit  a  temperature  difference 
that  can  reach  6°K,  thus  showing  evidence  of  dielec¬ 
tric  warm-up  in  the  bulk  material. 

Finally,  heating  caused  by  dielectric  losses 
turns  out  to  be  fast  enough  with  reasonable  powers. 
Moreover,  the  heating  process  is  very  homoge.neous 
and  able  to  cancel  out  temperature  differences 
between  the  quartz  wafer  and  his  immediate  environ- 
nement.  This  means  that  almost  perfect  thermal 
insulation  of  the  vibrating  crystal  is  possible. 


Conclusion 


Internal  heating  is  possible  with  B.V.A. 
units  already  commercialy  available.  It  can  reduce 
warm-up  time  roughly  by  a  factor  of  2.  It  also 
prooved  to  be  very  helpfull  in  (^vershoot  reduction. 
Reaching  frequency  within  10  is  possible  in 

25  minutes.  Preliminary  results  show  that  this 
waurm-up  time  could  be  reduced  down  to  less  than 
5  minutes  by  proper  design  of  small  crystal  B.V.A. 
electrodeless  units. 

Microwave  ovenized  resonators  have  been  achieved 
as  laborato"- •  prototypes  only.  The  crystal  can 

be  heated  ,o  turn  over  within  100s  with  a  microwav| 
power  of  ,.40  mw.  Frequency  reaching  within  10 
is  possible  in  9  minutes.  This  warm-up  time  can 
probably  be  much  reduced.  Of  interest  is  the  fact 
that  temperature  difference  between  quartz  resonator 
and  h.o  environnement  can  be  cancelled  out.  So, 
microwave  ovenized  resonators  are  excellent  candidates 
for  very  fast  warm-up  applications.  Nevertheless, 
much  work  is  still  to  be  done  especially  to  obtain 
industrial  production. 


4.  J.P.  Valentin,  Doctoral  Thesis,  n°  178,  Besanson 
France  (1983). 

5.  J.P.  Valentin,  "Thermal  gradient  distributions 
in  trapped  energy  quartz  resonators".  To 
appear  in  Journal  of  Applied  Physics. 

6.  J.P.  Valentin,  G.  Theobald,  J.J.  Gagnepain, 
38th  Annual  Frequency  Control  Symposium  (1984). 


R.  Besson,  J.P.  Valentin,  French  Patent  n” 
79  18553  (1979). 


8. 

J.P.  Valentin,  34^^ 
Symposium  pp.  194-201 

Annual 
(1980) . 

Frequency 

Control 

9. 

M.D.  Decailliot,  R. 
0“  811006  (1981). 

J .  Besson ,  French 

Patent 

10. 

s  t 

R.J.  Besson,  31  Annual 

Symposium,  pp.  147-152  (1977). 

Frequency 

Control 

11. 

A.  Berthaut,  R.J. 

Besson, 

C.R.  Acad.  Sc. 

Paris,  289  serie  B  (1979). 

12.  S.  Galliou,  These  Docteur-Ing^nieur ,  Ecole 

Nationale  Sup§rieure  de  Mecanique  et  des 

Microtechniques.  Besanv-n  1980. 

13.  S.  Galliou,  A.  Berthaut  and  J.P.  Valentin, 
Nuevo  Cimento,  Vo] .  2D,  n°4  (1983). 

14.  M.D.  Decailliot  and  R.J.  Besson,  European 

Patent  8110006  (1981). 

15.  K.  Fujisawa,  I.E.E.E.  transactions  on  microwave 
theory  and  techniques,  vol  MTT  6,  pp  344-350 
Oct.  1958. 

16.  Jaworski,  I.E.E.E.  transactions  on  microwave 


theory  and 
April  1978. 

techniques , 

vol . 

MTT 

26,  n°4. 

17.  P.H.  Carr, 

The  journal 

of 

the 

Acoustical 

Society  of 
(1967) . 

America,  vol. 

41, 

nn. 

pp  76-83, 

18.  Ph.  Raulin, 

"Chauffage  microonde 

des 

rSsonateurs 

a  quartz".  These  de  Docteur-IngSnieur.  Ecole 
Nationale  SupSrieure  de  M6canique  et  des 
Microtechniques.  Besangon,  Mars  1984. 


References 

1.  A.  Ballato  and  J.R.  Vig,  32'’*^  Annual  Frequency 
Control  Symposium,  pp.  180-188  (1978). 

2.  R.  Holland,  I.E.E.E.  Trans.  Sonics  and  Ultraso¬ 
nics  21,  n’O  (1974). 

3.  R.  Holland,  Ultrasonics  Symp.  CHO  886-1SU-1974. 


370 


Detector 


FIGURE  12 


+ 


-L_ 

ISO 


FIGURE  13 


373 


38th  Annual  Frequency  Control  Symposium  ■  1984 


SPACE  QUALIFIED  HIGH  PERFORMANCE 
DIGITALLY  TUNED  QUARTZ  CRYSTAL  OSCILLATORS 

R.M.  Garvey,  D.A.  Emmons  and  A.F.  Beaubien 
Frequency  and  Time  Systems,  Inc. 
Bever ly ,  MA 


Summary 

Two  new  oscillators  for  space  qualified 
application  have  been  designed,  fabricated  and  tested. 
These  devices  incorporate  digital  tuning  interfaces, 
allowing  the  frequency  to  be  controlled  by  telemetry. 
Provision  for  radiation  immunity  via  shielding  and 
component  parts  selection  are  additional  design 
features. 

The  composite  requirements  for  high  resolution 
('  X  digital  tuning  coupled  with 

extended  device  operation  (  >>  10  years)  in  a  spacecraft 
radiation  environment  place  stringent  restrictions  upon 
both  oscillator  and  tuning  circuitry  designs.  The 
oscillators  employ  a  12  or  M  bit  digital  tuning 
network  comprised  of  either  two  overlapping  resistor 
networks  with  parallel  latching  data  or  an  integrated 
BAG  and  associated  circuitry  to  receive  and  latch  a 
serial  data  stream. 

The  crystal  resonator  is  an  SC  cut  fabricated  from 
swept  quartz.  Additional  radiation  shielding  for  the 
resonator  has  been  incorporated.  A  crystal  filter  in 
the  output  circuitry  provides  enhanced  phase  noise 
performance . 

The  design  employs  a  parts  complement  which 
provides  immunity  to  radiation  effects  as  well  as  high 
reliability.  Reductions  in  power  consumption  and 
weight  while  preserving  high  performance  in  terms  of 
thermal  senstitivity  have  been  incorporated. 

Introduction 

Quartz  crystal  oscillators  for  spacecraft 
application  require  high  reliability  in  parts  selection 
and  in  design,  as  well  as  high  performance  in  terms  of 
stability  and  aging  behavior.  The  FTS  9100  oscillator, 
which  wn  developed  for  and  is  used  in  the  Global 
Positioning  System  satellites,  has  demonstrated  aging 
of  less  than  10“' '/'Jay-  A  calculated  mean  time 
between  failure  for  this  design  is  approximately  2 
million  hours  in  a  space  flight  environment. 

Two  new  oscillators  have  been  designed  for  space 
flight  application.  They  are  derivatives  from  the  9100 
design  and  employ  provision  for  integral  digital 
tuning.  The  oscillator  electronics  are  contained 
within  a  glass  dewar  which  provides  a  high  degree  of 
thermal  isolation  resulting  in  low  environment 
sensitivity.  The  dewar  and  oscillator  electronics  have 
been  qualified  to  vibration  levels  in  excess  of 
20  g  rms  and  to  pyrotechnic  shook  levels  of  2300  g. 

The  oscillator  is  comprised  of  a  low-noise 
sustaining  stage  with  its  associated  AGO  circuitry.  A 
Low-noise  buffer  and  the  oven  control  circuitry 
complete  the  ovenized  portion  of  th  oscillator.  A 
tuned  cascode  amplifier  followed  by  a  double 
emitter- follower  provides  load  Isolation  and  a  well 
defined  50  ohm  sinusoidal  output  for  the  instrument. 

An  integral  volatge  regulator  provides  immunity  from 
power  supply  fluctuations. 


Model  9120 

The  Model  9120  employs  a  third  overtone  SC-Cut 
swept  quartz  resonator  operating  at  5  MHz.  Tuning  is 
provided  by  a  1 4  bit  R-2R  network  which  is  driven  from 
a  latched  parallel  data  word.  A  crystal  filter  in  the 
output  circuitry  provides  reduced  phase  noise  at 
frequencies  greater  than  100  Hz  from  the  carrier.  The 
oscillator  design  incorporates  hardening  for  both 
natural  orbital  radiation  levels  as  well  as  for 
enhanced  artificial  levels.  Magnetic  shielding  is  also 
provided. 

Performance 

Pertinent  performance  characteristics  for  the  9120 
are  shown  in  Table  1  .  Note  that  the  magnetic  field 
response  is  a  result  of  the  residual  sensitivity  of 
inductors  in  the  oscillator  circuitry.  Phase  noise 
performance  is  shown  in  Figure  1 .  Resonator  drive 
levels  in  the  9120  are  maintained  at  a  reasonably  low 
level  to  provide  low  aging  behavior  and  low  phase  noise 
close  to  the  carrier.  These  design  considerations 
typically  result  in  phase  noise  levels  of  -140  dB  for 
frequencies  greater  than  100  Hz  from  the  carrier.  In 
order  to  provide  enhanced  phase  noise  performance  far 
from  the  carrier  ('  kHz)  a  crystal  filter  has  been 
incorporated  into  the  oscillator  output  amplifier 
circuitry.  This  filter,  a  two-pole  monolithic  swept 
quartz  filter,  provides  approximately  30  dB  of 
attenuation  5  kHz  from  the  carrier.  This  yields  the 
required  -168  dBc  phase  noise  performance  at  10  kHz. 

The  500  ohm  characteristic  impedance  filter,  is 
placed  in  the  tuned  output  of  the  cascode  isolation 
stage  in  the  final  buffer  amplifier.  It  is  followed  by 
the  double-emitter  follower  which  in  turn  drives  an 
output  transformer.  The  source  impedance  of  the  final 
output  is  50  ohms. 

..  ability  in  the  time  domain  ia  shown  in  Figure  2; 
the  Allan  variance  approaches  3  i  1 0"' 5  for 
averaging  times  of  3  to  100  seconds. 

Digital  Tuning  -  9120 

Frequency  tuning  of  the  9'  20  is  accomplished 
through  latching  magnetic  relays  which  switch  a 
precision  R/2R  resistive  ladder  network  for  digital- to- 
analog  conversion.  The  relays  are  MIL  approved  style 
and  provide  upset  immunity  as  well  as  a  non-volatile 
storage  of  the  tuning  command.  The  relays  are  driven 
in  parallel  by  commands  through  the  interface 
connector. 

The  extended  mission  lifetime  requirement  of  1 7 
years  combined  with  a  tuning  resolution  of 
^5  X  10“' 2  place  severe  requirements  upon  the 
oscillator  digital  tuning  network.  In  order  to  satisfy 
the  lifetime  and  resolution  requirements  a  14  bit  DAC 
was  implemented  using  two  R/2R  resistor  arrays.  A  12 
bit  array  was  employed  for  all  but  the  two  most-sign- 
flcant  bits.  These  two  MSB  were  implemented  by  means 
of  a  separately  packaged  R/2R  network  having  additional 
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Conolusiona 


Digitally  tuned  oaoillatora  with  atate-of-the- 
art  performance  in  noiae  and  aging  are  available  aa 
signal  aouroea  for  sophisticated  satellite 
applications.  The  packages  are  rugged  mechanically  and 
can  withstand  harah  nuclear  environinenta.  Reliability 
in  design  and  in  parts  selection  provide  the  assurance 
of  extended  mission  operation. 
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Conclusions 


digitally  tuned  oscillators  with  state-of-the- 
art  performance  in  noise  and  aging  are  available  as 
signal  sources  for  sophisticated  satellite 
applications,  the  packages  are  rugged  mechanically  and 
can  withstand  harsh  nuclear  environments.  Reliability 
in  design  and  in  parts  selection  provide  the  assurance 
of  extended  miscion  operation. 
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TABLE  1. 


9120  PERFORMANCE 


FREQUENCY 

AGING 

THERMAL 
POWER  (25  °C) 

SUPPLY  VOLTAGE  SENSITIVITY 

MAGNETIC  FIELD  SENSITIVITY 

LOAD  SENSITIVITY 

SIZE 

WEIGHT 


5  MHz 

5x1  0‘^  VdAY 

lxlO'’^/°C  (-20  °C  to  +50  °C) 

2.2  WATTS 

3.4xl0'^^/V0LT 

4.0xl0'’^/GAUSS 

1  .2x10'^^/+  1% 

7.6x7.6x19.3  cm 
( 3  X  3  X  7 . 6  in) 

1  .4  kg  (3.0  lbs) 


TABLE  2  . 

9125  PERFORMANCE 


FREQUENCY 
AGING 
THERMAL 
POWER  (25  °C) 

SUPPLY  VOLTAGE  SENSITIVITY 
SUPPLY  RIPPLE  SENSITIVITY 
LOAD  SENSITIVITY 
SIZE 

WEIGHT 


5  MHz 

lxlO‘’°/DAY  (10  DAYS) 

<lxlO'”/°C  (-20  °C  TO  +40  °C) 

1 .6  WATTS 

<2x10’^ ’ /VOLT 

-110  d Be /loo  mV  ptp 

5x10*’^ /+  1 0% 

10.2x10.2x19.3  cm 
( 4x4x7 . 6  in) 

1 .09  kg  (2.4  lbs) 
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FIGURE  1.  FTS  9120  PHASE  NOISE  ^(f) 
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FIGURE  2.  FTS  9120  TIME  DOMAIN  STABILITY 
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FIGURE  4.  FTS  9125  MECHANICAL  CONFIGURATION 
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MANUFACTURING  METHODS  AND  TECHNOLOGY  FOR  TACTICAL  MINIATURE  CRYSTAL  OSCILLATOR 
D.  Brown,  E,  Laszlo,  R,  McGill,  P.  Stoermer 
Allied-Bendix  Aerospace 
Bendix  Communications  Division 
Baltimore,  Maryland  21204 


The  Tactical  Miniature  Crystal  Oscillator,  TMXO, 
features  small  size,  fast  warmup,  low  power  dissipation 
and  excellent  frequency  stability.  It  is  intended  for 
use  in  tactical  communication,  navigation,  and  position 
location  applications  where  a  precision  frequency  or 
time  source  is  required.  Earlier  papers  have  described 

the  TMXO  characteristics  and  various  imnrovements  made 

1  2 

in  the  design  to  optimize  performance.  ' 

It  is  the  intent  of  this  paper  to  describe  the 
present  Manufacturing  Methods  and  Technology,  MMST, 
program  and  its  impact  on  TMXO  design,  manufactura¬ 
bility  and  performance.  Primary  objectives  of  the  MMST 
program  are  enhanced  performance  and  reliability  of 
the  oscillator  while  achieving  reasonable  cost  in 
manufacturing.  To  date,  fifteen  Engineering  Models 
incorporating  new  processing  techniques  have  been 
fabricated  and  evaluated.  Their  performance  will  be 
reviewed. 

Improv^myits  in  the  TMXO  design  and  generation  of 
production  ^Wring  and  processes  on  the  MMST  program 
promise  availability  of  TMXO  in  the  near  future. 

Key  Words  (for  information  retrieval) 

TMXO,  Oscillator,  Crystal 
Temperature  Control,  Frequency 
Stability,  Vacuum,  Hybrid 

Introduction 

Bendix'  involvement  with  TMXO  development 
programs  began  more  than  ten  years  ago  as  a  result  of 
Bendix'  independent  research  with  temperature  control¬ 
led  microcircuits.  Since  that  time  major  technical 
problems  associated  with  TMXO  have  been  resolved.  The 
purpose  of  the  present  program  is  to  develop  manufac¬ 
turing  methods  and  techniques  (MMST)  for  the  production 
of  TMXO  (figure  1).  At  the  completion  of  the  program, 
a  demonstration  of  production  capability  will  be 
conducted  and  the  TMXO  will  be  incorporated  in 
MIL-O-55310. 

Development  models  of  the  TMXO  were  expensive, 
reguiring  painstaking  individual  construction,  assem¬ 
bly,  and  test.  It  was  therefore  decided  early  in  the 
MMST  program  that  major  mechanical  and  electrical 
design  improvements  were  necessary  to  achieve  the 
objectives  of  the  program. 

Basic  to  the  resultant  improved  design  was  the 
incorporation  of  the  crystal  oscillator  circuit  and 
the  temperature  control  circuit  in  a  sealed  hybrid, 
assembled,  screened,  and  tested  to  the  requirements  of 
MIL-M-38510  level  B.  In  addition,  the  hybrid  must  be 
capable  of  fast  uniform  heating  of  the  crystal,  and 
must  be  sealed  to  prevent  leaks  in  excess  of  1x10"^® 
std  atm  cc./sec.  To  that  end,  a  custom  ceramic  hybrid 
package  was  developed.  Several  prototype  hybrids, 
incorporating  an  improved  electrical  design,  were  then 
assembled  and  evaluated  in  engineering.  The  new 
circuit  and  hybrid  package  proved  successful,  and 
twenty  five  engineering  samples  were  manufactured  by 
Bendix'  hybrid  manufacturing  facility. 


The  mechanical  design  of  TMXO  was  also  signifi¬ 
cantly  changed.  The  revised  design  is  simpler  and 
more  repairable.  Assembly  time  has  been  significantly 
reduced  to  make  the  TMXO  producible  at  a  lower  cost. 
Materials  research  has  resulted  in  modifications  to 
the  mechanical  structure  which  improve  both  thermal 
and  vibration  performance. 

To  date,  fifteen  engineering  samples  of  TMXO  have 
iDeen  assembled  and  are  presently  under  evaluation. 

Mechanical  Configuration 

Thermal  analysis  of  various  TMXO  designs  indicated 
that  optimum  frequency  stability  could  Ije  achieved  by 
thermally  controlling  a  crystal  resonator  at  its  upper 
turn  temperature  in  vacuum.  By  minimizing  the  amount 
of  heat  lost  from  the  crystal,  the  temperature  grad¬ 
ients  could  be  reduced  and  improved  frequency  stability 
with  changing  ambient  temperature  would  result.  With 
this  in  mind,  a  hybrid  microcircuit  was  designed  which 
would  provide  electrical  interface  to  the  crystal  and 
accurately  control  the  crystal  set  temperature. 

Figure  2  is  a  simplified  illustration  of  the  TMXO 
construction.  The  crystal-hybrid  assembly  is  supported 
by  six  wires  within  an  evacuated  enclosure.  In  order 
to  minimize  the  thermal  radiation  losses  of  the  elec¬ 
tronics  assembly  a  radiation  shield  encircles  the 
electronics.  Further  reduction  in  radiation  losses  is 
accomplished  by  gold  plating  the  metal  parts  in  the 
assembly  (figure  3).  This  includes  the  hybrid  cover, 
the  electronics  radiation  shield,  the  header  radiation 
shield,  and  the  vacuum  case.  Spectral  reflectance  of 
the  gold  plated  parts  Ijetween  the  wavelengths  of  0.7 
microns  and  2.5  microns  in  the  infrared  region  is 
97-99%. 

Inconel  Alloy  625  was  chosen  for  the  •.  upport  wires 
because  of  its  low  thermal  conductivity,  h _gh  stiff¬ 
ness,  and  good  weldability  to  Kovar.  F.,i  r  polyimide 
rods  which  press  fit  into  tuijes  on  th  iybrid  package 
are  used  for  providing  lateral  supp'^.t  to  the  electron¬ 
ics  assembly.  The  vespel  rods  act  to  rigidize  the  as¬ 
sembly  so  that  mechanical  resonances  are  minimized  or 
eliminated  in  a  vibratory  environment.  Vespel  material 
was  chosen  because  of  its  very  low  thermal  conductiv¬ 
ity,  good  structural  resistance,  and  compatibility 
with  high  vacuum. 

The  six  support  ^ures  are  welded  to  tuljes  brazed 
in  the  ceramic  vacuum  header.  A  radiation  shield  is 
used  to  cover  the  exposed  cerautiic  of  the  vacuum 
header.  A  zirco-.ium-graphite  getter  is  welded  to  two 
pins  which  extend  through  the  header  (figure  4).  After 
vacuum  enclosure  welding  and  vacuum  baking  the  getter 
is  activated  providing  vacuum  maintenance  after  pinch- 
off.  This  non-evaporable  getter  is  capable  of  sorbing 
H2,  N2 ,  02,  H20,  CO,  and  C02  in  appreciable  quantities. 
The  output  buffer  circuitry,  is  located  on  the  exterior 
sur,.ace  of  the  vacuum  header.  Leadless  chip  compon- 
f  :its,  including  a  CMOS  buffer  are  vapor  phase  reflow 
soldered  to  header  metallization. 
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I'M.X  v.-a;'  material  arai  :  rL>ct‘:-.a  com[’at  i i- i  1  i t  y  with,  hi  ;i‘. 

'.•a i-'  i  le ■  i  leak  r'at-i.  s  >:  t  i.o  packa'.ica  » 

vaf^:r  :  rc.  ■-'  tke  varija;-  ma  It- r  ia  1  a  ,  ar.d  o’jt<ja.a- 
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k.a-.-a  a  '.^-ak  ra-ite  a:  at  i  atm  •  ycr  aocaral 
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ar:  a:r  itak  'iiier  t  kar.  t  r. :  ^;m-.vi:.t  A'-ai'i  ;aa.-c  vacu'.im 

■  ;o a ra  ia •  1  cr  lacL  ;a:'.c-  '  are  r.-.a  aottc-red.  A 

a  ak  .a  1«  .i.-;  I’a'a:'  ir.  t  k<.  7VX.  1  os ,  rt*,  ^k.c• 

r  •.•/'k.'-,  :'a- *  . ,  H  r.  L  r.' :  cirvi  traair.:  ok  tka-  K-o/ar 

-a’  ii  r::.  :.  k:»'  ■'’.••  "a'*,  C'a  .  of  an  Al  loy  47  '■•ast- 

.X-'  ;a:;  ''ik^  k;  ;k  ;■  n  }•  :■;  t  k/ i  f  y  aofjt-r  evao-iat  io:; 

kill]  t  ^  :ka  ;o  '.v  i ‘c  r.st  ur.unq  oot  ire  1 

A-.mi:,,:  ■.vi’-;.  1  r  t:;t:  ;  a:.  ‘  •  irn-.  This  proce?5'5 

;  r  i  k.  .mayi-r.'--  a  '  'a-rrr.c^ic  oc-ram;  "  r-ody  v.’ith 

la’eca.jl  iot  i*  k.  a  i  loctri-^ai  conr.oc*  i  or:r: . 

r  i  ■]_  :  -  r  .  i  v’.;;  t  i  our  at  i  (an 

•  I  parr-  k  :  1  1  aso  r-'i*  ':;e  ir.ternal  const  rurt  ion  o: 

-kv  i'.-.-'.r'ii  m; 'o'f'"  ,  t  -ai.*- .  both  the  c>.>c  1 1  lator  and 
r.erm'i'  conTol  net  •.N'<>rks  are  ass(imhled  on  a  thick  film 
.•-•ir-'na]  '  ai-,..-,  t  ra‘ e  ti'C  ':lzc  of  the  crystal  fackaqc 

vc-r.  A  rc'la*'ively  larae  f  '-ver  t  raarci i stor  located 
i:.  - 'O'  center  '  a”  tk.o  -ah.str-ate  rorves  as  the  heatinq 
eir-me:^.  It  i  r,  catectically  bonded  to  qedd  metaliza- 
^  1  n  a  beryllia  sahstrate  which,  is  located  between 
r'ne  m  i  r  roc  i  rc  t  arid  packaqc  floor,  Fiqure  G  shows 
’  ko  ■■','.•1  s  f  rac"  I  on  .;f  the  aaihst  rates  and  package. 

At  t  Hch.mcnt  of  tiio  substrates  to  the  packaqe  floor  is 
male  wttii  epoxy  i  .  A  thermistor  is  located  in 

a  hole  IP.  th.e  coi-’St  tdt.e  and  epoxied  to  the  beryllia 
heat  sy  reader. 

All  semi-corch.ictors ,  thin  film  resistors  and 
capacitors  are  attached  to  the  substrate  with  epoxies 
and  •■hen  wire  bonded  into  the  circuit.  Thick  film 
resistors  are  laser  trimmed  to  value. 

At  the  present  time  each  crystal  has  a  somewhat 
different  upper  turn  temy^erature  requiring  a  hybrid 
with  a  matck.inc;  thermistor.  In  order  to  maintain  the 
identi*/  of  the  hybrid  through  processing,  serializa- 
t  IMP  IS  accomplished  by  laser  marking  the  hybrid  as 
shown  in  figijre  7.  The  laser  provides  a  permanent  and 
very  clean  method  of  marking 

A  binary  ordered  capacitor  array  used  for  tuning 
tlie  oscillator  to  frequency  is  wirebonded  to  hybrid 
package  feedthroughs  which  are  accessible  from  the 
f^ackage  exterior  {figure  B).  Gold  ribbons  are  welded 
from  capacitor  pads  tn  ground  pads  to  facilitate  final 
runing  h»efore  packaging.  I'ackaqe  hermetic  sealing  is 
accomplished  by  rcsi5;tancc  scam  welding  a  Kovar  step 
lid  to  the  hybrid  package  sidewall.  Metalization 
provides  a  solderable  surface  for  crystal  attachment. 

An  attractive  feature  of  this  construction  is  that 
the  hybrid  or  crystal  can  be  salvaged  if  one  or  the 
fjt'ru-r  should  fai  1  . 

G i  rc u  i  t  Gon  f  i  ejurat  i  on 

Ir.  the  TMXO  MMT  program,  an  effort  to  simy:>lify 
circuitry  war.  -^nde  r  t  ak^n ,  both  to  enhance  manufactura¬ 
bility,  as  well  at  to  .support  a  mechanical  configura¬ 
tion  -wherein  circuitry  was  confined  within  a  hybrid 
f;ackage  of  size  comparable  to  the  ceramic  flat  pack 
crysral.  The  following  paragraphs  describe  circuit 
details. 


T'he  oscillator  circuit  shown  in  fiqure  ')  u.se.s  the 
crvstal  selectivity  to  rrovidc  a  reduction  in  gairi  and 
noise  at  frequencies  removed  from  the  carrier.  A  sin¬ 
gle  inductance  pi  circuit  pr'.'vides  .selectivity  to 
•••xcite  the  3C-cut  crystal  C  mode  -while  rejecting  the  B 
modfc  ay-pearinq  ab-' ut  Ik  percent  !;iqher.  .A  dif>de  limit- 
•  r  crtablisbes  th.e  oscillatior.  amylitude.  Tlio  c'utput 
KT  sigT.rti  -with  an  amylitude  of  ap  pr  s-xima  t  el  y  ''  .25  ma 
KMS ,  -Irive.-*  a  buffer  dt'ViC'j,  located  external  f.o 

t:;e  Ty.X.  y  ackaqc  in  its  i;aso, 

funinr,'  of  the  o>c- i  1 1  a L')r  t’c  accommodate  individual 
'■•ryct.iil  s  is  accompl  is'ne  1  l.v  celc'..-t  ion  cf  appropriate 
-:r.it;-  of  a  b  inarv-ord(>  red,  c-ipac.-it<or  hank,  ky ,  by  connec- 
ti-s-r:  :...f  feed  thru  terminal:'  external  t-o  t';;c  hybrid  pack- 
fiqe.  T!:L-  facility  allo-.-.-s  fut.',:re  k.ybridn  t  r.  he  manuf.-ic- 
t'lred,  tes-ed  and  sealed  pri  r  to  a.cct  mk  1  •/  to  a  rartic- 
ulav  crystal , 

Vaiactor  G**  allo-ws  cleCronic  tu.ning  ayrr^^xi- 
matcly  +1x1''""  ar,  -.well  as  crjrrcct  ior:  'Of  Icr-.g  term  aging. 

Hemainiriu  circuitry  includes  the  thermal  control 
and  voltage  regulator  functions.  Some  of  the  nimp-lifi- 
catiens  incorrctrate*'!  to  reduce  the  pir/sical  size  of 
this  circuitry  are  shc--w.c  schematically  in.  figure  I'. 

In  the  warm  up  mo-k’,  the  heater  curi'cnt  in  transis¬ 
tor  QG  is  sensed  across  f.U-,  in  addition  to  a  component 
of  heater  voltage  acro.ss  1 ,  and  used  to  control  the 
thermal  bridge  voltage  via  clamp  transi.-tor  Ql .  Th.e 
circuit  maintains  approximately  2'''C  y.ei  second  temycia- 
ture  slew  rate  independent  of  i'.cater  supply  over  a 
voltage  range  of  Id  to  18  volts.  When  thermistor 
readies  the  set  temp:'erature ,  heater  current  is  control¬ 
led  by  thermal  feedback  from  heater  transistor  QG  to 
thermistor  Ft,  maintains  crystal  temperature  within 

+  50  of  the  set  temperature  over  a  range  of  -55’^-. 
to  +75‘7’c  ambient  temperature. 

The  National  Semiconductor  I.MIO  device  perform.^ 
the  functions  of  voltage  reference  and  comparator  for 
the  oscillator  supply  voltage,  as  well  as  high  gain 
amplifier  for  the  thermal  control  circuit. 

hybrid  F  abr  icat  i  or. 

In  general,  the  processes  used  in  fabricating  the 
TMXO  hybrid  have  proven  to  be  very  reliable  on  other 
Bendix  programs.  The  use  of  epoxy  for  component  attach¬ 
ment,  100%  wire  bond  pull  testing,  resistance  seam 
welding  and  hybrid  burn-in  insure  reliable  hybrid  fab¬ 
rication.  Two  unique  hybrid  processes  developed  in 
this  program  are  pulsed  heat  bonding  of  the  thermistor 
and  inductor  leads  and  the  use  of  a  laser  for  serializ¬ 
ation.  The  thermistor  leads  are  0.0254  mm  diameter 
platinum  wires  and  the  inductor  leads  are  comprised  of 
insulated  .127  mm  diameter  copper  wire.  Both  leads  are 
welded  directly  to  gold  metalization  on  the  circuit 
substrate,  welding  of  the  copper  wires  is  accomplished 
directly  through  the  insulation,  that  is,  the  wires  are 
not  stripped  before  welding. 

Soldering 

The  metalized  crystal  package  is  directly  soldered 
to  the  bottom  of  the  hybrid  package.  After  both  the 
hybrid  and  crystal  are  presolder  coated  with  pure  tin- 
lead  eutectic  preforms  and  cleaned,  they  are  attached 
together  using  vacuum  reflow  soldering.  The  hybrid  and 
crystal  are  loaded  into  a  fixture  on  a  hot  plate  in  a 
vacuum  oven  capable  of  28  inches  Hg  vacuum.  The  oven 
is  evacuated  while  the  parts  are  heated  to  approximate¬ 
ly  200°C.  When  the  solder  melts  the  vacuum  is  released 
and  the  components  are  allowed  to  cool  at  atmospheric 
pressure  resulting  in  a  solder  bond  with  minimal  void 
formation.  Not  only  is  a  very  good  mechanical  and 
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t  I'C  rm.’. i.or.ii  .i;:i  hut  alsf>  the  risk  r.f  rhn  s‘-l-i“r 

intoi-r.t-o  bn-iriq  u  virtual  Irak  is  greatly  rc-da-'ed. 
X-ray  rict  irer  ta,-;en  -if  various  asseml'lies  corifirm  rhe 
V'.-'i  \  re  iucti  'v;  as  'omrared  A'ltii  crinveu t  loua  1  soldr-r 

’.’afou;  !..-igc  r*' r’ !  ou-  va I  -io r  i  r: q  i.*-.:  used  r  er  iTK^ur. r  i uq 

tlie  O'amr 'vrq'n  r ;if  t  r.e  buffer  circiir  i  figure 

111  .  T'v.o  me  t  a  1 1  ::a  t  1  or;  uvi  r  i'.e  VHCuiut  head<-r  as  .-.a' i  1  a- 
tla*  V'vmf. orient  =-  are  rretinned.  ilolder  [.astf-'  is  then 
li  uenue-'l  on  tlie  a:  f  rv'}  >r  la  t  c-  pads  of  the  •.’aouurTi  header 
me  t  a  I  i  r.a  1 1  ■  >n  .  ' ‘'umrionent  s  are  p-laced  on  rr.e  solder 

raste  and  :  aked  for  V)  minutes  at  After  hakirq 

^r:e  hoadoru  are  immt-rsed  into  hi'*''''  ''.’ap<.''r  of  a  conven- 
tit-'nai  va:<u  :  'nase  i‘-flow  system  for  approximately  ih 
sevnnd.;.  .'.'h.Tjt  result;:,  is  a  fully  S'.-.ldered  circuit  in 
minimal  t  i me . 


Xeu  1  vv  jr.ce  ur  -a  •v^'l  ling  is  iised  for  assembly  of 
r-ui  lat  i.jr.  ;:;r.irl  Is,  surport  wires,  and  getter  in  the 
I'MX'  .  Xigure  K.  st.  .-'.v-u  the  welding  of  tlie  getter  and 
uuruia-’'  wires  to  ‘  h.o  vacuum  header.  Spot  weldinq  is  a 
suck  an  1  ckari  rnet'r.od  of  attachinq  similar  and  dis- 
L  rr  i  1  a  r  metal-'. 

■•li r  .'-p  la -■•ma  weldinq  is  used  to  seal  the  x'aouum 
enclosure  to  th(?  vacuum  header.  once  the  vacuum 

1  >  ;ure  has  Veen  mated  to  the  head^^r,  the  assembly 
in  inserted  in’-*-!  copper  fixturinq  in  a  miniature  lathe 
as  ';ho'-vn  in  figure  13.  A  microplasma  weldirici  torch  is 
r laced  in  tlcsc  proximity  of  the  wold  2one  and  the 
lathe  turned  on.  I’lire  argon  plasma  gas  Is  introduced 
at  a  flow  rate  of  (>.2  liters/minute  and  is  ionised  by 
a  continuous  pilot  arc  within  the  torch.  The  resulting 
thermal  plasma  established  allows  a  pulsed  arc  to 
tra.’usfer  .‘^rom  the  cathode  to  the  workpiece  and  create 
a  uniform  weld  as  the  part  is  turned.  A  Argon  - 

7%  ({ydrogen  shield  gas  is  used  to  constrict  the  arc, 
improving  wettability  of  the  metals  and  minimizing 
cvjntaminat  ion .  Figures  14  and  15  show  the  lowering  of 
the  torch  asusombly  into  the  weld  zone  and  the  pulsed 
microrlasma  welding  of  the  TMXO  vacuum  enclosure 
re.spect  Lve  1  y . 

Cleaning  and  Vacuum  Processing 

All  assembly  processes  for  the  TMXO  with  the 
exception  of  soldering  and  vacuum  baking  are  done  in 
a  Cla.ss  100, onh  clean  room  facility.  Gross  contamina¬ 
tion  such  as  finger  oils,  salts  and  particulates  are 
remo""'’"^  ^rom  T.MXO  components  by  chemically  cleaning 
in  TMS  Freon,  deionized  water,  and  methanol.  All 
components  except  the  Vespel  rods  are  then  cleaned  in 
an  argon  plasma  before  final  assembly.  Finger  cots  or 
clean  gloves  are  used  for  all  handling.  Subassemblies 
are  stored  in  dry  nitrogen  boxes.  Once  the  final 
assembly  has  been  completed,  the  TMXOs  are  attached 
to  an  ion  pumped  vacuum  system  using  the  copper  evac¬ 
uation  tube.  Heaters  are  clamped  to  the  enclosures 
to  facilitate  ISO^^C  baking  for  a  minimum  of  60  hours. 
The  final  step  before  pinch-off  is  activation  of  the 
getter.  This  is  accomplished  by  forcing  a  high  elec¬ 
trical  current  through  the  getter's  internal  heater. 

The  getter  heats  up  to  approximately  500®C  and  liber¬ 
ates  hydrogen.  After  activation  the  getter  surface 
absorbs  gases  liberated  within  the  TMXO  vacuum  enclo¬ 
sure.  The  getter  can  be  reactivated  to  extend  the 
ten  year  life  of  the  oscillator  provided  the  pressure 
within  the  TMXO  is  less  than  10  microns.  Following 
getter  activation,  the  copper  evacuation  tube  is 
"pinched  off"  using  special  tooling.  The  cold  weld 
is  subsequently  protected  from  mechanical  change  by 
a  small  cover  which  is  epoxied  over  it.  The  "pinch 
off"  process  is  shown  in  figure  16. 


leak  Testing 

In  order  to  quaran’-ee  ten  year  reliable  operation 
measurements  of  leak  rates  in  the  vivinity  of  IxlO'^^ 
atm.  cc^'sec.  are  requirt-d.  Present  commercially  avail¬ 
able  equipment  is  capable  of  derocting  helium  leaks  as 
small  as  atm.  fc/sec.  It  is  a  nt  i  c  ipat  c-d  that 

indie  near  future  dete-_'t<.>r‘'.  with  better  serisitivity  will 
become  available.  Figure  1 shows  a  'T'MX'J  mounted  to  a 
leak  detector  witn  a  helium  gas  source  and  probe. 

Pe  r  f ormance 

Performance  of  the  Fngineerinq  models,  refle^tinq 
the  design  status,  is  described  ir  the  following  fig¬ 
ures  . 

Figure  18  shows  frequency  varia^iijn  during  warm-up. 
with  a  worst-case  initial  remcGra’'ure  <>f  -P4^'k'.  During 
the  first  I .  minureo,  the  temperature  is  being  slewed 
at  2^C  per  second  toward  the  crystal  upper  tqrr:  temper¬ 
ature.  About  orie  kilo  joule  of  thermal  tuiergy  is  re¬ 
quired  to  drive  the  crystal  arid  'nybrid  assembly  to 
operating  temperature.  '.)nce  this  roint  is  reached, 
the  heater  current  decays  toward  a  steady-state  value, 
and  the  frequency  overs'noor  resulriru  from  tnt  rapid 
slew  subsides.  The  performance  goal  i-  lxl('“”  of  final 
frequency  withiti  1  minutes. 

Figure  Id  depict«  the  power  dissipated  'within  the 
vacuum  enclo^^ure,  to  maintain  the  crystal  at  .‘^et  temper¬ 
ature  over  t.he  range  of  ambient  temperature.  The  data 
several  units  ar‘=‘  clustered  ot\  a  locus  representing 
approximately  6i)‘j^C/watt  thermal  leakage  resistance. 
Variation  between  units  can  be  as.sociated  with  the 
differences  in  turn  temperatures  of  the  specific 
crystals  used. 

Figure  20  shows  typical  frequency  stability  versus 
ambient  temperature  attained  by  the  current  models 
The  specification  requires  frequency  stability  better 
than  +1/10”^  over  the  ambient  temperature  range. 

Figure  21  and  22  show  typical  short-term  and  phase 
noise  spectral  density  performance.  For  these  measure¬ 
ments,  the  oscillators  are  compared  with  reference 
oscillators  having  superior  stability. 

Several  engineering  model  oscillators  are  presently 
undergoing  frequency  aging  evaluation,  and  appear  to 
meet  the  specif ication  limit  of  ^2xl0'’lh  per  day. 

Crystal  Test  Facility 

The  purpose  of  the  crystal  test  facility  is  to 
ensure  suitability  of  crystals  for  use  in  the  TMXO. 

It  consists  of  a  temperature  controlled  holder  providing 
intimate  thermal  contact  to  the  crystal,  and  circuitry 
to  cause  oscillation  at  series  resonance.  The  holder 
temperature  is  slewed  through  a  range  that  includes  the 
lower  and  upper  turn  temperatures.  The  frequency/ 
temperature  characteristic  of  the  crystal  is  then 
measured  to  determine  the  values  of  the  upper  turn 
temperature  (UTP)  and  correspondinq  frequency  offset 
(.AF)  .  A  typical  representation  of  this  data  is  given 
in  figure  23. 

The  UTP  value  allows  selection  of  a  hybrid  ther¬ 
mistor  of  approximate  value,  while  the  frequency  offset 
value  Af  is  used  in  the  final  oscillator  tuning  routine. 

Hybrid  Testing 

This  test  is  used  to  evaluate  the  performance  of  a 
newly  constructed  hybrid.  The  crystal  is  represented 
by  a  resistor  of  value  in  excess  of  maximum  crystal 
tolerance.  Current  consumption,  internal  voltage  reg- 
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ulatDr  volta^je,  outf’it  frerjuoncy  and  amplitudo  art- 
noted  prior  to  erioiqizinq  the  heater  circuitry.  The 
heater  voltaqe  in  then  applied,  and  inruahi  currcuit  , 
and  stahili^ed  'uricnt  are  r.oted,  aa  v;oll  as  output 
f  rO'.paency  and  amj  litude  otahdlity  -.vit;.  temperat -are . 

'dith.  accertah-Ie  operat  in.:;  paj'amct  e  r  a  ,  th.e  hn/hrid 
i  nialified  ' '.-r  lid  i  n  s  t  a  1 1  at  i  on.  .and.  hybrid  b.urn  ir. 


'lie  re.;';ir-'i  '.onina  o.a;  :  t  (-.r..;e  ci  t  h.e  oscillator 
: k  :  e 1  ne  i  ly  tn:i.-  :  r-,s-r  ir.  ‘A'!;ich.  tl.e  sealc-d 
hylri  i,  mated  to  ari  apirorria'c  '.'r’.n-  tfil  ,  is  operated 
in  a  r^ixture  havi.nq  hi<;h  t'ermal  re.nistanrc  to  t.he 
e  r .  1  r  n-  r  me  n.  t .  .\r.  e  x  t  e  r  n.  a  1  t  e  nr  » •  i  .'i  t  u  re  trim  r  e  s  i  s  t  o  i‘ 
ks  ad’usted  to  l.ri-..;  tr-.r  I'ry.-'k-jl  th.e  ufper  turn 
t  emp  orat  ure . 

.qt  tl'.is  .~ta:;e  all  internal  tuning  capacitors 
i.ave  f  reviously  keen,  a-.-r-  ivated  >ininq  temporary  iunpors 
oor:necte  1  via  i'.ybrid  package  feed  through  terminals. 
Ba.a:-. ;  i;p v  he  no  a  suro' :  :  rcuut-r.cy  and  anti  ri  rated 
l'"ad  -  apau  Ltanue  re-:  ;  i  r  onon  t  t'r-,.m  the  crystal  evalua- 
•  I'.r,  facility,  ‘■  ;nin,;  rtocoed:;  h-y  removing  appropriate 
•unporr,  ir.  crier  fu'  dc..-cen'tir.  ;  la:  acity  increments, 
n.til  *  n.o  measured  r'rr  ;uen'-y  in  rjone  to  rs-ininal  '/aluo. 

ih^'  range  ’.no'-ict  ■  a  tuning  is  checked,  ard.  the 
uni*-  ferwardod  ^  <.)  t'r.c  nex*’  assembly  .••ration. 

droup'  A  Test  baci  1  ity 

Ti.i.-:  test  f.-icility  provide.?  for  evaluation  of 
1 !  lat  or  fre  juency  .utahi  1  it-p  under  a  variety  of 
irg c.^nd i r  ion.n  ,  in.clU'Unq  variation  of  ar)pl  icd 
supply  voltage:.:,  load  capacitance,  ambient  temperature, 
•ind  orientation  with  respect  to  the  gravitational 
field.  Other  performance  aspects  evaluated  include 
St  ahi  I  i/'.at  ion  time  and.  retrace  accuracy  following 
power  interruptior; ,  range  and  linearity  of  frequency 
con*:rol,  output  waveform  characteristics  and  absence 
of  spurious  cmisi^ion.s  and  pjower  con.sumption  versus 
ambient  temperature. 


Conclusions 

With  the  improvements  in  design  and  the  develop¬ 
ment  of  production  proccs.seru  and  tooling,  which  have 
taken  place  in  the  last  year,  the  TMXO  offers  small 
size,  fast  warmup,  low  power  consumption  and  high 
stability,  and  is  able  to  be  produced  consistently 
and  reliably  with  simple  procedures  and  facilities. 
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Figure  V  Tactical  iVliniature  Crystal  Oscillator 
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Figure  2.  Simplified  TMXO  Construction 


Figure  3.  Internal  Construction 


Figure  6.  Hybrid  Construction 


Figure  7.  Hybrid  Laser  Marking 


Figure  4.  Vacuum  Header,  Header  Shield,  and  Getter 
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Figure  11.  External  Buffer  Circuit 


Figure  15.  Plasma  Welding 
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Figure  20.  FrequeiKy  Stability  vs.  Ambient  Temperature 


Figure  16.  Pinch  Off  Operation 
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Figure  21.  Short  Term  Stability 


Figure  17.  Leak  Testing 
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Figure  18.  Warmup  of  TMXO  at  —54°  C 
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Figure  22.  Phase  Noise  Spectral  Density 
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Figure  23.  Crystal  Frequency  vs.  Temperature 
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Figure  19.  Power  Dissipation  vs.  Ambient  Temperature 
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ABSTRACT 

The  results  of  various  studies  concerning  the 
lifetime  and  reliability  of  the  rubidium  discharge 
lamps  used  In  rubidium  atomic  frequencys  standard  are 
reported.  The  primary  life  limiting  process  In  these 
lamps  Involves  diffusion  of  the  rubidium  atoms  Into 
the  glass  envelope  of  the  lamp  making  them  unavailable 
to  the  discharge.  The  rate  at  which  rubidium  atoms 
diffuse  Into  the  glass  Is  dependent  on  lamp  conditions 
Including;  lamp  size,  type  of  glass,  lamp  temperature 
and  rf  drive  power.  The  calorimetric  technique  to 
measure  the  elemental  rubidium  content  In  a  lamp  and 
Its  use  for  quality  control  In  the  lamp  manufacturing 
process  are  discussed. 

I.  INTRODUCTION 

The  discharge  lamp  Is  a  critical  component  of  the 
rubidium  (Rb)  gas  cell  atomic  frequency  standard 
(clock)  and  other  optically  pumped  devices.  The 
conventional  lamp  used  In  devices  such  as  the  gas  cell 
atomic  clock  is  of  tte  type  described  by  Bell,  Bloom 
and  Lynch^  and  Brewer^  consisting  of  a  glass  envelope 
containing  a  charge  of  the  appropriate  metal,  e.g.  Rb, 
and  a  buffer  gas  under  a  pressure  of  a  few  Torr.  The 
lamp  Is  usually  Ignited  by  an  rf  coll  that  surrounds 
the  glass  envelope.  The  spectral  emission  properties 
of  the  lamp  have  long  been  recognized  as  extremely 
Important  In  the  operation  of  the  optical^  pumped 
devices,  and  have  been  thoroughly  studledt'’"^  On  the 
other  hand,  with  one  notable  exception,^  almost  no 
consideration  appears  to  have  been  given  to  the  life- 
limiting  factors  and  hence  the  reliability  of  this 
type  of  lamp.  This  situation  changed  drastically  in 
early  1979,  however,  due  to  lamp  failures  in  some  of 
the  Rb  clocks  aboard  the  satellites^  of  the  NAVSTAR 
Global  Positioning  System  (GPS).  As  a  result  of  these 
lamp  failures,  an  effortL  was  begun  to  develop  a  long- 
lived  sapphire  Rb  lamp.’  Additionally,  at  about  the 
same  time,  an  extensive  investigation*  of  the  failure 
mechanisms  of  glass  lamps  was  Initiated.  This  latter 
Investigation  Identified  the  primary  failure  mechanism 
of  the  low-power,  electrodeless  Rb  discharge  lamp  to 
be  the  diffusion  of  Rb  atoms  Into  the  glass  envelope 
of  the  lamp.  The  rate  at  which  the  atoms  diffuse 
Into  the  glass  then  controls  the  life  of  the  lamp.  We 
report  here  studies  that  have  been  concerned  with  Rb 
consumption  In  discharge  lamps  aimed  at  quantifying 
various  aspects  of  lastp  life  and  lamp  reliability. 
Based  on  these  studies,  estimates  have  been  made  of 
the  dependence  of  lamp  life  on  parameters  such  as; 
Initial  Rb  content,  lamp  size,  lamp  operating 
temperature,  rf  drive  power  and  the  glass  type  used  to 
construct  the  envelope.  The  parametrlzatlon  of  lamp 
life  that  we  present  can  be  used  to  estimate  lamp  and 
hence  device  reliability. 


In  Section  II  of  this  paper  we  review  the  effort 
to  Identify  the  primary  failure  mechanism  of  the  low 
power  Rb  discharge  lamp.  The  development  of  the 
calorimetric  technique  to  measure  the  elemental  Rb 
content  In  a  lamp  Is  discussed  In  Section  III,  while 
the  analyses  of  Rb  consumption  measurements  and  Rb 
lamp  life  tests  ate  discussed  in  Section  IV.  The 
prospects  for  having  an  accelerated  lamp  life  test  or 
quality  control  test  are  presented  In  Section  V. 
Although  this  report  concerns  only  the  Rb  discharge 
lamp.  It  should  be  pointed  out  that  the  results 
presented  here  apply  also.  In  varying  degrees,  to 
other  electrodeless  discharge  1 cmps  containing  such 
elements  as  sodium  (Na),  potassium,  cesium,  mercury, 
and  the  like. 

II.  LAMP  FAILURE  MECHANISM  IDENTIFICATION 

1  2 

A  typical  electrodeless  discharge  lamp**''  la 
displayed  In  Fig,  1.  The  lamp  consists  of  a  glass 
envelope  whose  front  we  designate  as  the  lamp  face  and 
the  opposite  end  as  the  tip-off  region.  Glasses  that 
have  been  used  for  the  lamp  envelope  Include;  Corning 
7740  (Pyrex),  Corning  1720,  Schott  8436  and  Schott 
8437.  The  glass  envelope  contains  the  metal  charge 
along  with  a  buffer  gas.  The  buffer  gas  provides  a 
source  of  electrons  to  sustain  the  rf  Induced  plasma 
and  is  required  to  limit  the  mean  free  path  of  the 
electrons.  Typical  buffers  presently  used  are  either 
krypton  or  xenon  at  a  pressure  of  a  few  Torr.  The 
excess  metal  charge  Is  constrained  by  thermal 
gradients  In  the  tip-off  region.  The  tip-off  Is 
formed  when  the  glass  lamp  Is  "pulled"  off  the  vacuum 
manifold.  The  lamp  envelope  Is  mounted  In  a  metal 
base  with  a  thermal  potting  material.  The  thermal 
potting  material  facilitates  the  transfer  of  heat  from 
the  base,  which  Is  the  point  of  temperature  control, 
to  the  glass  envelope.  The  metal  atoms  In  the  vapor 
are  due  to  the  saturated  vapor  pressure  above  the 
metal  charge,  which  Is  determined  by  the  temperature 
of  the  metal,  and  thus  good  temperature  control  Is 
essential  for  stable  lamp  operation.  A  plasma  Is 
sustained  In  the  laiq>  by  means  of  an  rf  field. 
Typically  the  rf  frequency  Is  around  100  MHz  at  powers 
ranging  from  tenths  to  tens  of  watts. 

Several  possible  lamp  failure  mechanisms  were 
investigated  In  response  to  the  failures  the  Rb 
atomic  clocks  on  board  the  GPS  satellites.**^  These 
mechanisms  Included:  quenching  of  the  excited  Rb 

atoms;  Rb  reaction  with  Impurities;  and  the 
Interaction  of  Rb  with  the  glass.  He  briefly 
summarize  the  results  of  that  Investigation. 
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A.  Quenching  of  Excited  Rb  Atoms 

The  possible  role  of  quenching  In  the  failure  of 
discharge  lamps  was  Investigated  by  studying  the 
spectral  emission  from  both  normal  and  failed  lamps. 
In  the  failed  lamps  only  emission  lines  present  in 
normal  lamps  wert.  observed.  No  emission  lines  from 
possibly  outgassed  materials  that  could  quench  excited 
Rb  atoms,  such  as  hydrogen  (H2),  nitrogen  (N2)  or 
oxygen  (Oj)  were  detected.  These  results  are 
consistent  with  the  absence  of  quenching  species. 

B.  Rb  Reaction  with  Impurities 

Another  postulated  mechanism  for  the  failure  of 
the  Rb  lamp  was  the  loss  of  Rb  by  reaction  with 
species  outgassed  from  the  envelope  to  form  non¬ 
volatile  rubidium  oxide  (Rb20).  The  most  likely 
reactions  are: 

2Rb  +  H2O  RbjO  +  Hj,  and  (1) 

ARb  +  (>2  *  2Rb20  .  (2) 

Experiments  which  tested  for  the  presence  of  H2  In 
failed  lamps  proved  that  reaction  with  H2O  la  not 
significant.  Rf-lnduced  emission  spectra  from  a 
series  of  standard  lamps  containing  H2  and  Xe  were 
analyzed  to  obtain  a  detection  limit  of  H2  In  the 
presence  of  Xe  buffer.  Comparisons  of  these  spectra 
with  those  of  failed  lamps  Indicated  that  the  pressure 
of  H2  In  the  failed  lamps  was  less  than  1  Torr. 
Removal  of  H2  from  the  vapor  by  either  the  formation 
of  RbH  or  through  permeation  through  the  glass  was 
also  ruled  out.  The  loss  of  Rb  through  this  mechanism 
was  set  at  about  10  pg  or  less,  which  is  small 
compared  to  the  normal  charge  In  a  lamp  of  between  a 
hundred  and  a  few  hundred  micrograms.  Based  on  the 
fact  that  reaction  with  H2O  was  not  significant, 
together  with  literature  sources  Indicating  that  H2O 
should  evolve  from  the  glass  envelope  much  more 
readily  than  O2,  It  was  argued  that  the  second 
reaction  was  also  not  Important  In  the  failure  of  the 
Rb  lamp.  However,  as  will  be  discussed  In  Section 
III,  there  does  seem  to  be  a  reaction  of  the  Rb  with 
some  Impurity  In  the  lamp  consuming  between  10  and 
20  Mg.  Although  this  amount  of  consumption  Is  not 
significant  In  terms  of  the  total  charge  of  Rb,  we 
show  that  It  must  be  taken  Into  account  to  properly 
predict  the  Rb  consumption  rate  and  hence  the  life  of 
the  lamp. 

C.  Interaction  of  Rb  with  Glass 


To  determine  the  disposition  of  Rb  In  lamps  that 
had  been  In  operation  for  some  period  of  time,  various 
surface  analysis  techniques  were  used.  Previous 
studies  that  considered  the  reaction  of  Na  with  glass 
employed  techniques  such  as  absorption  spectroscopy, 
magnified  examination  of  the  glass  cross  section  or 
wet  chemical  etching.  These  techniques  were  suitable 
for  studies  concerned  with  Na-glass  'ateractlons 
because  of  the  rate  at  which  Na  and  glass  react.  In 
contrast,  the  reaction  of  Rb  with  glass  under 
conditions  similar  to  that  found  In  discharge  lamps  Is 
orders  of  magnitude  slower  than  of  Na.  To  extract 
physical  Information  concerning  Che  Rb-glass 
Interaction,  It  was  necessary  to  study  the  functional 
form  of  the  Rb  penetration  profile  In  the  glass. 
Because  of  the  extremely  small  amount  of  Rb  that  Is 
consumed,  simply  studying  the  bulk  penetration  depth, 
as  Is  typically  done  with  Na,  was  found  not  to  be 
adequate.  To  study  the  Rb  penetration  profile  the 
following  surface  analysis  techniques  were  used. 


1.  Secondary  Ion  Maas  Spectrometry  (SIMS) 

Studies 

To  obtain  the  highly  accurate  penetration 
profiles  needed  to  analyze  Rb  permeation  of  glass  the 
technique  of  SIMS  was  applied  to  cross-sectional 
pieces  of  Rb-exposed  lamp  walls.  In  the  SIMS 
technique  a  1.5  pm  diameter  beam  of  oxygen  Ions  Is 
aimed  at  the  sample.  Secondary  Ions  sputtered  from 
the  surface  are  mass  spectrometrlcally  analyzed 
allowing  determination  of  elemental  compositions. 
Lamp  envelopes  were  broken  and  analysis  performed 
along  the  fracture  so  that  profiles  of  the  Rb 
penetration  Into  the  glass  could  be  obtained  without 
the  necessity  of  having  to  sputter  away  large 
quantities  of  glass.  Our  tests  were  performed  on  Rb 
lamps  with  envelopes  constructed  out  of  various 
glasses  and  operated  under  various  conditions 
including  heating  with  no  lamp  Ignition.  Varying  the 
lamp  conditions  allowed  the  sensitivity  of  particular 
parameters  of  lamp  life  to  be  tested. 


Figure  2  shows  raw  SIMS  profiles  of  silicon 
(SI)  and  Rb  for  a  lamp  that  had  been  operated.  Zero 
micrometers  Is  the  Inner  surface  of  the  lamp  wall. 
The  gradual  Increase  of  SI  and  Rb  concentrations  near 
zero  Is  due  to  the  finite  width  of  the  SIMS  beam. 
Treating  these  data  as  simple  one-dimensional 
diffusion  allows  fitting  them  to  the  form^^ 
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where  X  is  the  penetration  depth,  t  is  the  exposure 
time,  C,,  Is  the  Rb  concentration  at  the  wall,  and  0  Is 


txmei  u.  xs  une  rd  eouccsiii. 
the  diffusion  coefficient. 


Experimental  Rb  data  along  with  fit  curves 
for  lamps  made  of  Pyrex  glass  are  shown  in  Fig.  3. 
The  data  displayed  In  Fig.  3a  were  obtained  from  a 
sample  run  under  typical  lamp  conditions  while  the 
data  In  Fig.  3b  were  obtained  from  a  sample  run  under 
similar  conditions  as  that  for  Fig.  3a  but  In  the 
absence  of  an  rf  plasma.  In  both  cases  displayed  In 
Fig.  3  the  diffusion  coefficient  Is  found  to  be 
approximately  3  x  10”  cur/ 3,  This  Is  In  good 
agreeiKnt  with  high  temperature  diffusion  coefficient 
data^^  extrapolated  Into  the  low  temperature  regime 
(about  KO'C). 


The  SIMS  Rb  penetration  profiles  Indicate 
that  Rb  has  penetrated  many  micrometers  Into  the 
glass.  This  Is  particularly  clear  In  Fig.  3b,  whose 
sample  was  exposed  to  Rb  vapor  for  a  longer  period  of 
time  than  that  of  Fig.  3a.  The  depth  of  Rb 
penetration  cannot  be  attributed  to  a  smearing  of  the 
true  profile  resulting  from  the  finite  width  of  the 
SIMS  Ion  beam.  This  beam,  which  Is  only  approximately 
1.5  va  In  diameter,  would  smear  a  surface  layer  to  a 
depth  of  at  most  2  urn.  In  fact.  In  Fig.  3b  the  amount 
of  Rb  that  has  diffused  beyond  2  pm  Is  greater  than 
the  amount  found  In  the  surface  region. 

2.  Electron  Spectroscopy  for  Chemical  Analysis 

(ESCA)  Experiments 

The  chemical  form  of  the  Rb  within  the  glass 
was  investigated  using  ESCA.  In  this  method  the 
surface  of  the  sample  Is  exposed  to  monochromatic  X- 
rays  and  the  photoejected  electrons  are  energy 
analyzed.  The  resulting  core  electron  binding 
(Ionization)  energies  are  characteristic  of  both  a 
given  element  and  Its  chemical  form. 

Rb-exposed  lamp  walls  were  analyzed  along 
with  pure  samples  of  rubidium-hydroxide  (RbOH)  and 
Rb20  as  reference  standards.  The  glass  samples 
typically  had  a  yellow-brown  discoloration  as  long  as 
they  were  kept  in  dry  atmospheres.  However,  upon 
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exposure  to  moist  air  they  became  colorless  in  a 
matter  of  seconds.  The  rapidity  of  this  change  in 
discoloration  indicates  that  Rb  exists  in  a  colored 
form  on  a  thin  surface  layer,  probably  less  than 
0.1  pm  thick.  The  results  of  our  ESCA  studies  suggest 
that  this  colored  form  is  Rb20.  From  the  SIMS  data  it 
was  seen  that  most  of  the  Rb  had  diffused  into  the 
glass  many  micrometers.  While  the  surface  layer  is 
colored,  our  studies  found  that  the  majority  of  the  Rb 
is  in  the  bulk  glass  in  a  colorless  form,  most  likely 
as  Rb-sillcate.  The  disappearance  of  the  colored 
layer  when  the  glass  samples  were  exposed  to  the 
ambient  environment  is  believed  to  be  due  to  the 
conversion  of  Rb20  to  RbOH  in  the  presence  of  water 
vapor. 

Figure  4  la  a  diagram  summarizing  the 
results  of  our  investigations  into  the  Rb-glass 
interaction.  Near  the  inside  surface  of  the  lamp,  Rb 
is  found  in  the  form  of  Rb20,  which  gives  the  lamp  its 
yellow-brown  color  after  some  period  of  use.  The 
amount  of  Rb20  is  found  to  decrease  with  Increasing 
distance  into  the  glass.  The  total  amount  of  Rb  in 
this  surface  layer  has  been  determined  to  be  small  in 
terms  of  the  total  Rb  consumed  in  a  lamp  over  many 
years  of  operation.  In  the  bulk  glass  Rb  is  found  in 
a  colorless  form,  moat  likely  as  a  Rb-slllcate.  The 
penetration  profiles  of  the  Rb  in  the  bulk  glass  have 
been  found  to  fit  quite  well  to  a  diffusion  form. 
Based  on  these  results  we  have  concluded  that  the 
primary  failure  mechanism  for  low  power,  Rb  discharge 
lamps  is  a  diffusion  of  Rb  into  the  glass  walls.  The 
amount  of  Rb  that  is  consumed  over  many  years  of 
operation  is  very  small  compared  with  the  amount  of 
glass  in  the  lamp  envelope,  thus  there  is  no  satura¬ 
tion  effect  and  the  Rb  consumption  continues,  for  all 
practical  considerations,  forever. 

III.  CALORIMETRIC  DETERMINATION  OF  Rb  CONSUMPTION 

Simple  diffusion  in  glass  has  been  extensively 
studied.  In  principle  one  should  be  able  to  use  the 
diffusion  law  to  predict  the  amount  of  Rb  consumed  in 
a  specified  length  of  time  or  conversely  determine  the 
lamp  fill  requirement  for  a  desired  lamp  life.  In 
simple  diffusion  the  total  mass  of  the  material 
consumed,  H,  penetrating  the  glass  as  a  function  of 
time,  is  given  by  Eq.  (4) 

M  -  2AC^  /Z  ,  (4) 

where  A  is  the  surface  area,  C^  is  the  density  of  the 
penetrating  species  at  the  glass  surface  and  D  is  the 
diffusion  coefficient  of  the  penetrating  species  for 
the  particular  glass.  The  difficulty  with  Eq.  (4)  is 
in  obtaining  precise  knowledge  of  both  C^  and  D  in  the 
lamp  application.  The  density  of  Rb  at  the  glass 
surface  certainly  depends  on  the  temperature  of  the  Rb 
reservoir  that  controls  the  Rb  vapor  pressure  in  the 
lamp.  However,  based  on  a  mathematical  model  of  the 
discharge  lamp^  the  density  of  Rb  at  the  lamp  wall  is 
also  predicted  to  be  a  strong  function  of  the  rf  drive 
power  applied  to  the  lamp.  Unfortunately,  at  present 
it  is  not  possible  to  model  the  exact  functional 
dependence  of  Rb  density  on  lamp  drive  power. 
Additionally,  the  diffusion  coefficients  for  Rb  in  the 
glasses  of  interest  are  not  well  known.  The  SIMS 
analyses  that  we  have  performed  on  various  lamps  have 
not  provided  detailed  enough  information  concerning 
the  diffusion  coefficients.  The  best  way,  to  date,  to 
determine  the  rate  of  Rb  diffusion  into  the  glass 
envelope  of  a  lamp  is  by  performing  Rb  consumption 
measurements  under  the  lamp  conditions  of  Interest. 

One  way  to  evaluate  the  rate  of  Rb  consumption  in 
a  discharge  lamp  is  Co  operate  nuiserous  lamps  Co 


failure  and  Chen  post  analyze,  typically  with  either 
atomic  absorption  (AA)  or  neutron  activation  analysis 
(NAA),  Co  determine  Che  initial  Rb  fill  in  a  lamp.  In 
this  manner  a  Rb  consumption  rate  for  a  particular  set 
of  lamp  operating  conditions  can  be  derived.  There 
are  many  disadvantages  to  this  procedure,  including 
the  enormous  amount  of  time  that  it  takes  to  generate 
any  information.  During  the  course  of  work  performed 
in  support  of  the  GPS  program,  it  was  suggested  that  a 
differential  scanning  calorimeter  (DSC)  could  be  used 
to  measure  the  amount  of  Rb  in  a  lamp. ^  Because  this 
technique  has  proven  to  be  so  successful  and  has 
significant  implications  for  future  lamp  work,  Che 
following  description  is  given. 

In  DSC,  sample  and  reference  objects  are  both 
heated  such  that  their  temperatures  Increase  at  the 
same  rate.  Heating  rates  are  measured  in  degrees 
Celslus/mlnute.  The  instrument  measures  the  heat 
flow,  in  calorles/mlnuCe,  required  to  maintain  this 
heating  rate  for  both  sample  and  reference.  The 
difference  between  these  two  heat  flows  is  the 
instrument  output,  which  is  typically  plotted  versus 
time. 

If  the  sample  and  reference  are  identical  there 
will  be  no  differential  signal.  Typically,  though, 
Che  reference  is  an  inert  material  (e.g.  sand)  and  the 
sample  is  the  material  of  interest.  If  Che  sample 
does  not  undergo  a  phase  transition  while  being 
heated,  the  difference  signal  will  be  proportional  to 
the  difference  In  heat  capacities  of  the  sample  and 
reference.  This  signal  may  be  electronically  nulled 
out.  When  the  sample  undergoes  a  phase  transition, 
for  example  melting  as  is  the  case  for  Rb,  additional 
heat  is  required  to  maintain  Its  heating  rate  due  to 
the  heat  of  the  phase  change.  This  increase  in  the 
differential  signal  will  appear  as  a  peak  on  the  dif¬ 
ferential  signal  versus  tlme/temperaCure  plot.  The 
area  under  the  peak  will  equal  the  additional  calories 
required  to  melt  the  sample.  After  the  phase 
transition  the  differential  signal  will  return  to  a 
nearly  constant  value  again  reflecting  the  difference 
in  heat  capacities  of  the  sample  and  reference 
objects.  This  differential  signal  may  be  slightly 
different  from  the  signal  prior  to  the  phase 
transition  as  a  result  of  a  change  In  the  sample's 
heat  capacity. 

In  the  present  Rb  consumption  studies  DSC  was 
used  to  measure  the  heat  required  to  melt  the  Rb 
contained  within  a  discharge  lamp.  This  heat,  when 
divided  by  Rb's  heat  of  fusion,  6.14  cal/g,  yields  the 
amount  of  elemental  Rb.  A  typical  DSC  curve  is  shown 
In  Fig.  3  for  a  lamp  containing  approximately 
300  Mg  of  useable,  elemental  Rb.  Depending  on  the 
quality  of  the  calorimeter,  sensitivities  in  the 
mlcrogram  range  can  easily  be  realized. 

The  advantages  of  the  DSC  technique  for  lamp 
measurements  are  easily  seen.  The  DSC  measures  only 
elemental  Rb,  l.e. ,  useable  Rb  in  the  lamp.  Once  Rb 
has  reacted  with  the  glass  or  other  material,  it  no 
longer  melts  at  the  same  temperature  as  metallic  Rb, 
and  thus  does  not  contribute  to  the  DSC  signal.  DSC 
can  thus  be  used  to  monitor  the  rate  of  disappearance 
of  the  elemental  Rb  from  the  lamp  reservoir.  The  fact 
that  a  consumption  rate  can  be  determined  for  an 
individual  lamp  implies  that  the  DSC  techniques  can 
potentially  be  used  to  monitor  quality  control  in  the 
lang)  manufacturing  process.  The  DSC  technique  is  also 
non-destructive,  unlike  AA,  and  can  be  accomplished  in 
considerably  less  time  than  NAA;  3  to  5  DSC  scans  of  a 
lamp  can  be  accomplished  in  about  an  hour,  whereas  the 
turn-around  time  for  a  single  NAA  measurement  is  about 
3  to  5  months. 
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At  EG&G,  Rb  lamp  fill  measurements  are  made  using 
a  standard  Perkln-Elroer  Model  DSC-2C  Differential 
Scanning  Calorimeter  and  a  Hewlett-Packard  Model  3390A 
Reporting  Integrator.  The  latter  Instrument  gives  a 
numerical  reading  of  the  amount  of  Rb  In  a  lamp. 
After  an  Initial  calibration,  the  measurement  process 
Is  very  straightforward.  The  most  critical  aspect  Is 
"chasing"  the  Rb  to  a  spot  on  the  face  of  the  lamp 
(see  Fig.  6)  so  that  It  all  makes  good  thermal  contact 
with  the  calorimeter  pan.  A  dumnQr  (empty)  laiq>  la 
placed  on  the  other  pan.  A  small  amount  of  thermally 
conductive  grease  Is  used  between  the  faces  of  the 
lamps  and  the  pans.  Typical  repeatlblllty  between 
measurements  Is  +0.5  ug,  both  for  the  same  "chase"  and 
when  the  Rb  Is  redistributed  and  rechased  Into  a  new 
spot.  Absolute  accuracy  Is  dependent  on  the  calibra¬ 
tion  procedure  and  Is  believed  to  be  about  ±102.  It 
is  the  repeatlblllty  that  Is  of  most  concern  for  the 
Rb  consumption  measurements. 

IV.  Rb  LAMP  LIFE  INVESTIGATIONS 

Over  the  past  several  years  there  have  been  a 
number  of  efforts  undertaken  to  specify  the 
requirements  to  ensure  reliable  operation  of  the  Rb 
discharge  lamp.  These  studies  have  Included  three 
types  of  glass;  Corning  1720,  Schott  8437  and  Schott 
8436.  With  the  Corning  1720  glass  lamps,  two 
different  lamp  operating  conditions  have  been  studied, 
which  correspond  to  those  used  In  the  Bfratom  and  EC&G 
Rb  frequency  standards,  respectively.  These  lamp 
conditions  are  shown  In  Table  I.  Circumstantial 
evidence^’*”  Indicates  that  It  Is  possible  to 
"overfill"  a  lamp,  thereby  generating  excessive  lamp 
noise.  A  possible  physical  mechanism  for  such  a 
phenomenon  la  the  displacement  of  excess  Rb  In  a  lamp 
by  thermal  and/or  mechanical  forces  which  produces 
changes  In  light  Intensity  with  concomitant  frequency 
Instability  when  the  lamp  Is  used  In  a  Rb  clock.  A 
quantitative  understanding  of  Rb  consumption  allows 
Che  lamp  fill  to  be  chosen  so  as  to  minimize  noise 
while  orovldlng  adequate  life  for  the  Intended 
application.  The  results  of  the  various  lamp  studies 
follow. 

A.  Corning  1720  Glass 

1.  Efratom  Operating  Conditions 

An  extensive  effort  was  undertaken  at  The 
Aerospace  Corporation  to  measure  the  Rb  consumption 
rates  In  Ef ratom-type.  Corning  1720  glass  lamps  using 
the  calorimetric  technique.  Lamps  of  the  Efratom 
design,  manufactured  both  at  Efratom  and  at  Aerospace, 
were  studied.  All  Che  lamps  were  operated  In 
oscillators  built  by  Efratom  to  ensure  that  each  lamp 
was  subjected  to  the  same  rf  drive  power.  Figure  7 
shows  typical  results  of  Rb  consumption  In  this  kind 
of  lamp.  In  Fig.  7  the  log  of  the  Rb  consumed  is 
plotted  versus  the  log  of  the  lamp  operating  time.  Rb 
consumption  Is  measured  In  units  of  micrograms  while 
Che  lamp  operating  time  Is  given  In  hours.  Fitting  Co 
a  linear  function  on  Che  log  scale  yields  Che  power 
law  relation  for  Rb  consumption  In  time.  For  this 
particular  lamp,  the  fitting  process  yielded 

M^^(t)  -  10  t°*^®  (5) 

with  fhe  mass  of  Rb  consumed  In  mlcrograma  In  a 
time  C,  In  hours.  This  fit  Is  shown  as  the  dashed 
line  In  Fig.  7. 

Eq.  (5)  Is  clearly  not  of  the  diffusion  form 
given  by  Eq.  (4).  HeasuremenCs  on  ocher  lamps  yielded 
other  power  law  relationships  for  the  amount  of  Rb 
consumed  In  a  specified  lamp  operating  time.  Two 


difficulties  with  these  results  were;  1)  the  power 
laws  that  were  derived  did  not  have  a  simple  physical 
explanation,  and  2)  each  lamp  seemed  to  exhibit  Its 
own  consumption  law.  It  was  found,  however.  Chat  all 
the  Rb  consumption  data  could  be  fit  quite  well  and 
quite  consistently  If  one  assumed  that  In  addition  to 
simple  diffusion  of  the  Rb  Into  Che  glass,  there  was 
also  a  mechanism  by  which  a  small  amount  of  Rb  was 
consumed  almost  Instantaneously  at  the  outset  of  lamp 
operation.  In  this  model  one  predicts  the  Rb  consump¬ 
tion  to  obey  a  law  of  Che  form 

MRb(t)  -  R  /t  +  B.  (6) 

The  first  term  on  the  right  hand  side  of  Eq.  (6) 
corresponds  to  simple  diffusion,  see  Eq.  (4),  and  the 
second  term  represents  some  Immediate  consumption  of 
Rb.  Fitting  the  data  shown  In  Fig.  7  to  Che  form  of 
Eq.  (6)  yields 

Mg^(t)  -  1.09  /t  +  24  ug,  (7) 

which  Is  represented  by  the  solid  line  in  Fig.  7.  It 
Is  not  unreasonable  to  consider  that  the  Rb  could 
getter  some  small  amount  of  Impurity  In  the  lamp,  see 
Section  II.  As  long  as  the  ^.-aount  of  Che  Impurity  Is 
small  and  more  Impurity  does  not  evolve  from  the  lamp 
walls  as  a  function  of  time,  this  Initial  clean-up 
process  In  Che  lamp  could  take  place  almost 
Instantaneously.  One  feature  of  this  model  Is  that 
each  lamp  could  have  a  different  quantity  of  Rb 
consumed  In  the  clean-up  process.  The  amount  of  Rb 
consumed  should  depend  on  the  Impurity  level  In  Che 
particular  lamp,  which  In  turn  should  depend  to  some 
extent  on  the  particular  processing  to  which  a  lamp 
was  subjected  during  Its  manufacture. 

Averaging  the  results  from  ten  lamps,  where 
some  individual  lamps  had  operating  times  over  10,000 
h,  the  following  Rb  consumption  law  for  Corning  1720 
glass  lamps  of  the  Efratom  design  operated  under  the 
normal  Efratom  conditions,  see  Table  I,  was  obtained 

Mjj^(t)  -  (1.4  ±  0.4)  /t  +  (18  ±  6)  pg.  (8) 

The  factor  of  approximately  18  pg  reflects  both  the 
proposed  instantaneous  consumption  of  Rb  and  the  error 
In  the  calorimetric  measurement.  The  measurement 
errors  should  tend  to  cancel  on  the  average  over  ten 
lamps.  Thus  the  18  pg  Is  Che  quantity  of  Rb  that  one 
would  expect  to  see  consumed  on  the  average  upon  the 
Initial  turn-on  of  this  type  of  lamp. 

Previously  a  life  test  of  Rb  lamps 
constructed  out  of  Corning  1720  glass  was  conducted  at 
Efratom.  The  test  Involved  lamps  that  were  operated 
to  failure  and  then  analyzed  using  NAA  to  determine 
the  initial  Rb  fills.  The  results  of  that  study  are 
displayed  in  Fig.  8,  A  fit  of  the  data  shown  In  Fig. 
8  to  the  form  of  Eq  (6)  yields  the  relation 

MRb(t)  -  (1.45  ±  0.1)  /t,  (9) 

which  is  shown  In  Fig.  (8)  as  the  solid  line  through 
the  data  points.  Because  In  this  test  only  one 
consumption  point  In  time  per  lamp  could  be  acquired, 
l.e.  total  lamp  life  and  Initial  Rb  fill,  the  second 
teem  in  Eq.  (6)  could  not  be  evaluated  for  the 
Individual  lamps.  Since  the  amount  of  Rb  that  may  be 
Instantaneously  consumed  could  be  different  for  each 
lamp,  fitting  laiq>  data  from  life  tests  to  the  form  of 
Eq.  <6)  can  not,  a  priori,  be  Justified.  However,  If 
all  the  lamps  had  been  processed  In  a  sufficiently 
Identical  manner  then  one  could  claim  that  life  test 
data  would  yield  the  same  Information  as  the 
consumption  measurements.  In  this  particular  case. 


390 


the  Instantaneous  consumption  factor  seems  to  have 
been  vanishingly  small,  implying  that  the  processing 
of  these  lamps  was  quite  good.  The  fit  to  these 
particular  life  test  data  then  is  sensitive  only  to 
the  diffusion  process.  Comparing  Eq.  (8)  with  Eq.  (91 
shows  that  there  is  excellent  agreement  for  the  factor 
describing  the  rate  of  diffusion  of  the  Rb  Into  the 
glass. 

2.  EG&G  Operating  Conditions 

Studies  of  Rb  consumption,  using  DSC,  in 
lamps  of  the  EG&G  design  and  operated  under  the  EG&G 
normal  conditions  (see  Table  I)  have  been  conducted  at 
both  EG&G  and  Aerospace.  The  consumption  data 
exhibited  features  similar  to  that  found  in  the 
studies  conducted  with  Efratom-type  lamps  In  that 
power  law  fits  to  the  data  yielded  time  dependencies 
much  slower  than  that  of  simple  dlffi^^on.  Typical 
consumption  data  yielded  ^^(,(1)  ”  3.7t^*  .  Assuming 
that  the  Rb  consumption  results  from  two  processes, 
simple  diffusion  and  rapid.  Initial  clean-up,  provides 
consistent  fits  to  almost  all  the  data  for  the  EG&G 
lamps.  The  EG&G  and  Aerospace  studies  gave 
essentially  the  same  results,  with  the  uncertainties 
In  the  Aerospace  data  being  somewhat  larger  due  M  the 
poorer  quality  of  the  DSC  used  for  that  work.  Rb 
consumption  in  the  EG&G  lamp,  operated  under  EG&G 
normal  conditions,  can  be  described  by  the  relation 

MRb(t)  -  (0.2  ±  .05)  /t  +  (14  ±  3)  \>g  .  (10) 

In  Fig.  9  we  show  a  composite  plot  of  all  the  Rb 
consumption  data  measured  at  EG&G.  For  the  sake  of 
clarity,  the  factor  representing  the  Instantaneous  Rb 
consumption,  the  factor  B  In  Eq.  (6),  was  determined 
for  each  lamp  represented  In  Fig.  9  and  subtracted 
from  the  consumption  data  for  each  lamp  before  plot¬ 
ting.  The  data  In  Fig.  9  represent  Rb  consumption 
through  diffusion  only.  Each  symbol  In  the  figure 
represents  a  different  lamp.  From  Eq.  (10)  It  Is  seen 
that  the  term  representing  the  rapid  consumption  of  Rb 
in  the  lamp  appears  to  be  about  the  same  size  as  that 
found  In  the  Efratom  lamp.  This  fact  seems  to 
Indicate  that  the  phenomenon  is  inherent  In  the  lamp 
manufacturing  process.  The  fact  that  the  term 
describing  the  diffusion  of  the  Rb  Into  the  glass  is 
smaller  for  the  EG&G  case  compared  to  that  of  the 
Efratom  case  can  be  readily  understood  by  referring  to 
Eq.  (4)  and  Table  I.  From  Eq.  (4)  it  Is  seen  that  the 
diffusion  term  depends  on  the  Inner  surface  area  of 
the  lamp,  the  density  of  the  Rb  at  the  walls  and  the 
diffusion  coefficient  for  the  glass.  Since  both  types 
of  lamps  were  made  of  Corning  1720  glass  we  expect  the 
diffusion  coefficients  to  be  nearly  identical.*"  The 
inner  surface  area  for  the  EG&G  lamp  is  seen  from 
Table  I  to  be  about  a  factor  of  two  less  than  that  for 
the  Efratom  lamp.  Additionally,  the  rf  drive  power  of 
the  EG&G  lamp  is  about  a  factor  of  2  or  3  smaller  than 
that  for  the  Efratom  lamp.  Eckert's  lamp  model** 
would  predict  the  Rb  concentration  at  the  walls  to  be 
smaller  for  the  EG&G  lamp,  because  the  rf  drive  power 
is  smaller,  than  for  the  Efratom  lamp.  Thus  both 
factors,  the  surface  area  and  the  rf  power,  are  such 
that  one  would  predict  a  slower  Rb  consumption  rate 
due  to  diffusion  in  the  EG&G  lamp  than  for  the  Efratom 
lamp.  Unfortunately,  Eckert's  model**  is  not 
sufficiently  developed  for  a  quantitative  comparison 
to  be  made  between  the  results  of  the  consumption/ life 
tests  and  the  model  predictions.  We  believe  that  It 
Is  clear,  however,  that  the  Rb  consumption  In  Corning 
1720  glass  lamps  is  well  described  by  an  initial  rapid 
consumption  followed  by  long  term  simple  diffusion. 


B.  Schott  8436  Glass 

Rb  consumption  measurements  have  been  performed 
for  a  small  sample  of  Schott  8436  glass,  Efratom-type 
lamps  operated  under  the  Efratom  normal  conditions. 
The  consumption  measurements  to  date  are  shown  In  Fig. 
10.  The  solid  line  in  Fig.  10  Is  a  fit  of  the 
consumption  data  to  the  form  of  Eq.  (6).  The 
resulting  Rb  consumption  law  was  found  to  be 

MRblt)  =  (0.9  ±  0.15)  /t  ±  7  pg.  (11) 

The  fit  shown  in  Fig.  8  is  noteworthy.  In  that  it 
Indicates  that  the  model  used  to  describe  Rb 
consumption  in  Corning  1720  glass  lamps  Is  valid  also 
for  the  Schott  8436  glass  lamps.  The  seemingly  lower 
diffusion  rate  for  the  Schott  8436  glass  lamps  tends 
to  Indicate  that  this  glass  is  more  alkali  resistant 
in  Che  lamp  application  than  Che  Corning  1720  glass. 

C.  Schott  8437  Glass 

Schott  8437  glass  was  used  for  the  lamp  envelopes 
of  the  early  GPS  Rb  clocks.  The  failures  of  lamps  on 
the  early  GPS  satellites  prompted  a  change  from  Schott 
8437  glass  to  Corning  1720  glass  for  the  lamp 
envelope.  However,  it  was  felt  that  it  would  still  be 
important  to  understand  the  Rb  consumption  phenomenon 
In  the  Schott  8437  glass  lamps  to  Insure  that  the 
optimal  glass  choice  had  been  made. 

All  the  envelopes  for  lamps  involved  In  this 
particular  study  were  manufactured  by  Efratom 
Elektronlc,  GmBH  In  Munich,  Germany,  The  low-filled, 
short  lived  lamps  were  filled  by  Efratom  California, 
Inc.  for  special  purpose  testing  at  the  time  of  the 
GPS  failures;  the  other  lamps  exhibiting  long  life 
were  filled  in  Munich  as  part  of  Efratora's  regular 
lamp  production  and  testing.  These  particular  lamps 
were  manufactured  and  put  Into  tests  before  the 
technique  of  calorimetry  had  been  developed  to  measure 
Initial  Rb  lamp  fill,  Efratom  California,  Inc.  had 
analyzed  lamp  life  versus  lamp  fill  for  the  sample  of 
short-filled  lamps  by  operating  the  lamps  to  failure 
and  then  using  either  NAA  or  AA  to  determine  the 
Initial  Rb  fill.  Some  of  the  normal  production  lamps, 
l.e.  those  filled  In  Munich,  however,  are  still 
operating  after  eight  years  of  almost  continuous  non¬ 
accelerated  life-testing  and  thus  It  was  necessary  to 
determine  the  amount  of  Rb  that  had  been  consumed 
during  the  operating  life  to  date.  For  these  lamps 
both  the  total  Rb,  l.e.  the  Initial  Rb  fill,  and  the 
amount  of  Rb  remaining  In  the  reservoir  had  to  be 
determined.  NAA  was  used  to  determine  the  initial  Rb 
fill  and  DSC  was  used  to  measure  the  Rb  mass  still  In 
the  reservoir. 

J^lng  to  the  nature  of  the  glass  envelope,  only 
the  "^Rb  content  In  the  lamp  can  be  determined  using 
NAA.  Because  a  non-natural  Isotopic  fill  Is  used  In 
the  Efratom  lamps,*"  a  precise  determination  of  the 
Isoptoplc  ratio  had  to  be  made  before  the  total  Rb 
could  be  determined  from  the  NAA  results.  A  laser 
excitation  fluorescence  technique^**  for  this 
measurement  was  emDloyed  which  provided  an  accuracy  of 
about  4X  on  the  ”^Rb/°'Rb  ratio.  This  ratio  then 
allowed  computation  of  ^e  total  Rb  fill  from  the  NAA 
determination  of  tha  “^Rb  content.  Error  bars  were 
assigned  to  the  **^Rb  determination  based  on  the 
results  of  a  previous  study  of  the  accuracy  of 
NAA,^*’^^  The  errors  quoted  for  the  total  Rb  fill  In 
Table  II,  Incorporate  both  the  uncertainties  In  the 
Isotopic  ratio  measurement  and  the  assumed 
Inaccuracies  In  the  NAA  evaluation.  To  ensure  that 
there  were  no  systematic  effects  In  the  NAA  results, 
other  lamps,  not  shown  In  Table  II,  were  Included  as  a 
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check.  The  Rb  fills  In  these  lamps  were  known  with 
high  accuracies  through  previous  NAA  and  DSC 
measurements.  No  evidence  for  any  systematic  errors 
In  the  NAA  results  was  found. 

The  DSC  results  are  affected  by  two  major  error 
sources:  the  uncertainty  In  the  "glass  correction" 
factor^'*  and  the  repeatability  of  a  lamp  measure¬ 
ment.  A  glass  correction  factor  Is  applied  to  the  DSC 
measurement  to  account  for  perturbations  In  observed 
DSC  signals  due  to  the  lamp's  glass  envelope.  Lamp 
Nos.  60A  and  613  had  failed  during  their  operation  and 
thus  we  Identically  assigned  zero  to  their  Rb 
reservoir  contents.  For  completeness  we  verified  that 
the  DSC  yielded  no  detectable  Rb  signal. 

We  display  In  Fig.  11  a  plot  of  lamp  operating 
times  versus  Rb  consumed  for  all  Schott  8A37  lamps 
Involved  In  life  testing.  In  Fig.  11  esch  point 
represents  an  Individual  lamp;  points  represented  by 
an  'o'  with  no  error  bars  are  lamps  that  were  life 
tested  at  Efratom.  These  lamps  were  operated  until 
failure  and  then  were  analyzed  by  either  NAA  or  AA  to 
determine  the  Initial  Rb  fill.  No  error  bars  are 
Indicated  because  of  Insufficient  Information  on  their 
analyses.  Points  for  which  error  bars  are  displayed 
represent  those  lamps  that  were  analyzed  for  consumed 
Rb.  There  are  five  points  In  Fig.  11  that  correspond 
to  lamps  that  have  not  failed  and  thus  those  points 
represent  Rb  consumed  over  the  operating  time  of  the 
lamp.  One  of  these  lamps  has  operated  for  25,000  h 
and  the  remainder  have  operated  for  about  70,000  h 
each. 


Rb  consumption  In  lamps  with  Corning  1720  glass 
and  Schott  8A36  glass  envelopes  was  found  to  be  well 
understood  In  terms  of  diffusion  of  the  Rb  into  the 
glass  plus  an  Initial  rapid  consumption.  The  life 
test  data  from  lamps  with  Schott  8A37  glass  envelopes, 
however,  does  not  definitely  support  that  model. 
Although  the  Schott  8437  life  test  data  do  not  allow  a 
definite  description  based  on  a  single  model,  they  do 
provide  us  Insight  Into  the  following  Rb  consumption 
models. 

1.  Alkali  Interdlffuslon 


In  some  studies  of  the  alkali  attack  on 
glass,  In  particular  with  Na,  It  has  been  shown  that 
the  process  of  alkali  atoms  or  Ions  diffusing  Into  the 
glass  structure  Is  accompanied  by  a  reverse  migration 
of  the  alkali  atoms  already  present  In  the  glass. ^ 
Schott  8437  glass  has  a  Na  content  of  about  2X  by 
weight.  Under  this  model,  we  would  expect  a  one-for- 
one  exchange  of  Rb  for  Na  during  the  operation  of  the 
lamp.  As  Na  diffused  out  of  the  glass  envelope,  a  Rb- 
Na  amalgam  would  form.  The  amalgam  would  then  affect 
the  quality  of  the  DSC  scan  since  a  pure  Rb  melt  would 
no  longer  be  seen.  No  effect  like  this  was  observed, 
which  would  have  been  quite  pronounced  In  lamps  Nos. 
397,  400,  633,  718  and  881-3;  consequently,  we  believe 
that  this  process  does  not  significantly  contribute  to 
Rb  consumption  In  these  lamps. 


2.  Rubidium  Diffusion 


Because  the  data  presented  In  Fig.  11  do  not 
definitely  support  the  model  that  we  used  to  describe 
Rb  consuaptlon  In  Corning  1720  glass  and  Schott  8436 
glass  lamps,  we  propose  two  alternative  explanations 
to  descrlte  these  data. 

a.  The  "Two-Glaaa"  Model 

Assume  that  the  Rb  diffusion  Into  Che 
Schott  8437  glass  Is  described  by  two  different 


diffusion  processes:  one  that  controls  the  Rb 
diffusion  through  a  thin  surface  layer,  and  a  second 
process  In  the  bulk  of  Che  glass.  Under  this  model, 
the  thin  surface  layer  controls  the  rate  of  Rb 
consumption  In  the  short  tern  and  the  bulk  glass 
controls  the  consumption  process  In  the  long  term, 
l.e.,  after  the  thin  layer  has  been  saturated.  In 
Fig.  12  we  re-plot  the  Schott  8437  lamp  data  together 
with  a  prediction  of  Rb  consumption  under  this  "two- 
glass"  model,  assuming  a  diffusion  coefficient  In  the 
first  layer,  with  thickness  2.5  uo,  of  ~  l  x  1Q~^^ 
cm^/s  and  for  the  bulk  glass  of  ~  5  x  lO”^”  cm^/s. 
The  model  Is  seen  to  fit  the  data  fairly  well  with 
diffusion  coefficients  that  are  of  the  correct  order 
of  magnitude.  However,  there  are  no  data  In  the 
critical  transition  region,  l.e.,  between  10^  and  10^ 
h,  and  thus  the  experimental  support  for  this  model  Is 
weak. 


The  origin  of  a  two-glass  condition  In 
these  lamps  can  be  physically  understood  In  a  number 
of  ways.  A  cleaning  process  in  the  manufacture  of  the 
lamp,  e.g. ,  an  HF  or  some  other  rinse,  might  alter  the 
characteristics  of  the  glass  In  a  narrow  region  at  the 
Inner  surface.  Additionally,  the  plasma  could 
possibly  change  the  glass  properties  to  some  depth. 
This  may  be  similar  to  the  brown  surface  layer  that 
occurs  during  lamp  operation.  On  the  other  hand,  we 
have  not  seen  an  analogous  phenomenon  for  the  Corning 
1720  or  Schott  8436  glasses.  It  may  be  that  a  similar 
effect  occurs  for  these  lamps,  but  takes  place  after  a 
much  longer  time  and  thus  simply  has  not  been  observed 
yet.  Because  we  have  no  Information  concerning  the 
manufacture  of  the  Schott  8437  lamps,  we  must  present 
the  two-glass  model  as  speculation. 

b.  Simple  Diffusion 

In  Fig.  13  we  display  fits  of  the 
Schott  8437  lamp  data  to  simple  diffusion  forms. 
Because  the  data  naturally  break  Into  two  groups: 
short-lived  lamps,  with  operating  times  less  than  10^ 
h;  and  long-lived  lamps,  with  operating  times  greater 
than  10^  h,  we  show  two  diffusion  flu.  A  possible 
explanation  is  that  the  data  below  10^  h  result  from 
subjecting  the  lamp  to  some  anomalous  procedure  during 
manufacture  which  resulted  in  a  high  rate  of  Rb 
consumption.  Fitting  the  long-term  data  to  a  simple 
diffusion  form  yields 

Mj^jj(t)  -  (0.8  ±  0.2)  /t  (12) 

In  this  fit,  the  Initial  rapid  consumption  term  given 
In  Eq.  (6)  was  found  to  be  Insignificant  and  hence  was 
neglected. 


The  fact  that  the  Rb  consumption  in 
both  Corning  1720  glass  lamps  and  Schott  8436  glass 
lamps  Is  well  described  by  essentially  simple 
diffusion,  makes  the  short-term  lamp  life  data  for  the 
Schott  8437  glass  lamps  and  hence  the  two-glass  models 
somewhat  suspect.  Additionally,  lamps  for  both  Schott 
glasses  exhibited  about  the  same  Rb  consumption  rate 
In  the  long  term  which  Is  what  one  would  expect  based 
on  the  presumed  similarities  between  the  two 
glasses.  More  experimental  work  would  be  needed  to 
determine  whether  the  Schott  8437  glass  lamps  are 
exhibiting  either  a  different  consumption  process  or 
simply  a  manufacturing  anomaly.  Finally,  lAether  the 
Cvo-glass  model  or  simple  diffusion  Is  the  correct 
picture  Is  not  critical  to  long  term  lamp  life 
prediction.  In  the  long  term,  greater  than  10^  h,  the 
lamp  life  predictions,  derived  from  the  consumption 
data  fits  to  each  model,  converge. 


392 


D.  Summary  of  Empirically  Derived  Consumption  Laws 

Rb  lamp  tests  have  yielded  the  lollo^lug 

consumption  laws  for  various  lamp  conditions; 

!•  Efratom^  Corning  1720  Glass  Lamps: 

-  (1.4  ±  0.4)  /t  +  B 

2.  EG&G,  Corning  1720  Glass  Lamps: 

MRb(t)  -  (0.2  ±  0.05)  /t  +  B 

3.  Efratom,  Schott  8437  Glass  Lamps 

(consumption  law  based  on  the  long-lived 
lamps  only): 

HRb(t)  “  (0.8  ±  0.2)  /t  +  B 

4.  Efratog,  Schott  8436  Glass  Lamps: 

M  (t)  -  (0.9  ±  0.15)  /t  +  B 

The  factor  B  represents  the  small  amount  of 
Initial  Rb  consumption  that  we  believe  occurs  In  these 
lamps.  This  initial  Rb  clean-up  typically  Involves  up 
to  20  pg  of  Rb.  We  have  at  the  present  time  no  way  to 
predict,  a  priori,  how  much  Rb  will  be  Initially 
consumed  In  a  particular  lamp;  however,  we  think  that 
any  Initial  consumption  much  greater  Chan  20  pg  most 
likely  Indicates  an  anomaly  In  the  lamp  processing. 

The  various  empirically  derived  consumption  laws 
show  the  effects  of  the  different  parameters  In  Eq. 
(6).  Comparing  the  Corning  1720  results  from  Efratom 
and  EG&G  lamps  demonstrates  the  effects  of  both  lamp 
size  and  rf  drive  power  on  Rb  consumption.  Efratom 
uses  a  larger  lamp,  with  greater  rf  power  than  does 
EG&G.  The  consumption  rate  of  Rb  In  the  Efratom  lamp 
is  consequently  higher.  The  results  from  the  Efratom 
Schott  glass  lamps  compared  with  those  from  the 
Corning  1720  glass  lamps  seem  to  Indicate  that  both  of 
the  Schott  glasses,  at  least  In  the  long  term,  have 
lower  diffusion  coefficients  for  Rb  than  does  Corning 
1720  glass. 

Although  the  empirically  derived  consumption  laws 
give  strong  support  for  the  validity  of  Eq.  (4),  It  Is 
not  possible  at  the  present  time  to  use  Eq.  (4)  to 
derive  the  Rb  consumption  rate  for  an  arbitrary  set  of 
lamp  conditions.  The  biggest  single  problem  concerns 
the  exact  dependence  of  the  Rb  concentration  at  the 
lamp  walls  on  the  rf  drive  power.  The  analytical 
model  of  the  rf  discharge  Is  not  sufficiently 
developed  to  allow  more  than  a  qualitative  description 
of  the  lamp.  Additionally,  there  are  no  good 
measurements  of  the  Rb  diffusion  coefficients  for  the 
glasses  of  Interest.  The  consumption  measurements 
thus  provide  us  with  the  best  characterization  of  lamp 
life  and  reliability. 

V.  ACCELERATED  LAMP  LIFE 
PROCEDURE/QUALITY  CONTROL  TESTING^^ 

Accelerated  life  testing  is  an  extremely  useful 
technique  for  determining  device  reliability.  In  an 
accelerated  test,  the  operating  life  of  a  device  Is 
compressed  by  some  means  Into  a  time  much  shorter  than 
the  normal  lifetime.  Performance  characteristics  can 
then  be  monitored  for  a  statistical  sampling  of 
devices  and  estimates  for  the  normal  reliability  of 
the  device  can  be  made.  Equally  Important  la  quality 
control  testing  to  ensure  that  particular  components 
have  been  manufactured  properly  and  will  perform 
according  to  the  prediction  of  the  statistical 
sampling.  To  Investigate  possible  means  of 

accelerating  the  life  of  a  discharge  lamp,  Rb  lamps, 
all  of  the  Efratom  design  and  constructed  out  of 
Corning  1720  glass,  were  operated  under  various 
temperature  and  rf  drive  power  conditions.  Rb 


consumption  rates  In  these  lamps  were  determined  using 
DSC.  Lamp  lifetimes  for  a  "standard"  initial  Rb  fill, 
for  this  analysis  we  arbitrarily  considered  an  initial 
fill  of  400  Mg  of  Rb,  were  then  extrapolated  for  the 
specific  operating  conditions. 

The  lifetime  of  Rb  discharge  lamps  Is  limited  by 
the  reaction  of  Rb  vapor  with  the  glass  envelope  of 
the  lamp.  In  this  section  we  show  that  there  Is  a 
good  analogy  between  this  type  of  reaction  and  the 
reaction  of  a  gas  with  a  quiescent  liquid.  The 
kinetic  theory  of  the  latter  type  of  reaction  has  been 
well  developed  by  P.  V.  Danckwerts,  and  the  same 
mathematical  description  may  be  applied  to  the 
lamps.  The  theory  has  some  adjustable  parameters 
which  may  be  used  to  fit  lamp  lifetime  data  and, 
therefore,  the  theory  may  be  used  to  predict  the 
effect  of  temperature  on  lifetime  and  the  time 
dependence  of  Rb  consumption,  While  this  description 
of  the  lamp  behavior  Is  simplified  and  incomplete.  It 
provides  a  useful  conceptual  framework  for  the  further 
understanding  of  lamp  behavior,  and  shows  the 
limitations  of  accelerated  lifetime  testing. 

The  traditional  picture  of  glass  Is  that  It  Is 
simply  a  liquid  of  very  high  viscosity.  While  this 
view  Is  now  regarded  as  oversimplified  (and  we  shall 
show  one  way  In  which  It  falls).  It  Is  very  useful  as 
an  analogy  for  reaction  kinetics  across  a  phase 
boundary.  The  theory  of  gas-llquld  reactions  has  been 
well  developed  for  certain  simplified  cases,  and  we 
shall  apply  the  version  given  by  P.  V.  Danckwerts^  to 
the  reaction  of  Rb  vapor  with  Corning  1720  glass.  The 
theory  gives  a  physical  picture  of  the  nature  of  the 
reaction,  and  permits  the  prediction  of  consumptlon- 
versus-tlme  curves  as  a  function  of  temperature  from  a 
limited  set  of  data. 

The  theory  Incorporates  just  two  phenomena: 
diffusion  and  reaction.  In  the  version  employed  here, 
the  diffusion  problem  Is  simplified  to  Include  only 
diffusion  In  the  condensed  phase.  This  Is  Justified 
because  gas  both  phase  diffusion  and  the  sticking 
probability  of  the  gas  on  the  surface  are  sufficiently 
rapid  that  the  rate  of  the  overall  process  Is  not 
limited  by  gas  processes.  Thus,  In  this  theory.  It  Is 
assumed  that  an  arbitrarily  thin  surface  layer  of  the 
condensed  phase  Is  In  Henry's  law  equilibrium  with  the 
partial  pressure  of  the  gas  phase  reactant,  and  that 
the  overall  transfer  of  gas  across  the  phase  boundary 
Is  governed  by  diffusion  into  and  leaction  with  the 
condensed  phase.  The  dlffuslvlty  of  the  gas  In  the 
condensed  phase,  the  solubility  of  the  gas,  and  the 
reaction  rate  constant  ace  Che  parameters  required  by 
the  theory,  although  these  parameters  have  different 
temperature  dependencies  that  must  also  be  Included. 

The  theory  predicts  that  the  consumption  of  gas 
will  vary  as  the  square  root  of  time  if  diffusion  Is 
the  dominant  process  In  the  condensed  phase,  and  that 
Che  consumption  will  vary  linearly  with  time  when 
chemical  reaction  dominates.  In  Che  region  where  both 
processes  are  competing,  the  theory  predicts  an 
Initial  square-root-of-tlme  behavior,  followed  at  long 
times  by  a  linear  behavior.  It  must  be  pointed  out 
Chat  Che  validity  of  this  theory  rests  on  the 
assumption  that  there  are  no  glass  saturation 
effects.  While  this  Is  a  very  good  approximation  for 
Rb,  it  would  not  be  as  good  for  more  rapidly  reacting 
species  such  as  Na.  Once  the  reaction  between  the  Na 
and  glaas  has  saturated,  consumption  will  change  from 
linear  to  square  root.  Implying  a  diffusion-limited 
process. 

In  the  case  of  the  Rb-plus-glass  reaction,  we 
have  shown  experimentally  Che  consumption  of  Rb  to 
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(18) 


have  a  square— .oot-of-tlme  dependence  at  low  tempera¬ 
tures  and  a  linear  time  dependence  at  high 

temperatures.  This  Implies  that  chemical  reaction 
does  not  set  in  until  high  temperatures  are  reached, 
and  therefore,  the  chemical  reaction  has  a  low  pre- 
exponential  factor  and  a  high  activation  energy.  The 
pattern  of  diffusion  at  low  temperatures  and  reaction 
at  high  temperatures  has  been  seen  for  other  alkall- 
mecal-plus-glass  reactions.  ’  ° 

We  follow  the  nomenclature  used  by 

Danckwerts^”  with  some  minor  simplifications.  The 

equation  for  diffusion  and  reaction  In  a  condensed 
phase  Is: 

D 

dx^ 

where  D  Is  the  dlffuslvlty  of  the  gas  In  the  condensed 
phase,  a  Is  the  concentration  of  gas  In  the  condensed 
phase,  X  Is  the  distance  from  the  surface,  and  k  Is 
the  first-order  chemical  reaction  rate  constant.  The 
boundary  conditions  are: 

a-A,x”0,  t>0,  (14a) 

a"0,  x>0,  t”0,  and  (14b) 

a-0,  x-«,  t>0,  (14c) 

where  A  Is  the  concentration  of  the  gas  right  at  the 
surface,  given  by  Henry's  law  and  assuming  equilibrium 
with  the  partial  pressure  of  gas  present  In  the  bulk 
gas  phase.  The  solution  to  this  equation  with  these 
boundary  conditions  Is: 

Q  -  A  [(kt  + -j)  erf  (kt)^2+  ]  (15) 

where  Q  Is  the  Integrated  consumption  of  gas.  In  moles 
per  square  centimeter  of  surface,  t  Is  the  time,  and 
erf  Is  the  error  function.  The  exact  solution  Is 
plotted  In  dimensionless  form  In  Fig.  14.  For  times 
shorter  than  those  shown  In  the  figure,  the 
consumption  is  a  function  of  the  square  root  of  time: 


Q 

-  2A*  (^f2  kt  «  1 

(16) 

for  times  longer 
consumption  has  a 

than  those  shown  In 
linear  relation  with 

the  figure, 
time; 

the 

*  Vi 

Q  -  A  (Dk)  2  t  kt  » 

1 

(17) 

All 

Intermediate 

values  must  be 

read  off 

the 

dimensionless  figure.  The  two  approximate  solutions 
may  be  used  for  fitting  experimental  data,  with  the 
short  time  form  approximating  little  chemical  reaction 
and  the  long  time  form  approximating  rapid  chemical 
reaction. 

Three  parameters  are  required  by  the  theory:  A*, 
the  concentration  of  dissolved  gas  at  the  surface;  D, 
the  dlffuslvlty  of  gas  In  the  condensed  phase;  and  k, 
the  first-order  reaction  rate  constant. 

For  the  value  of  A*,  we  have  found  no  direct 
measurements  for  Rb  In  the  glass  of  Interest,  Corning 
1720.  In  these  experiments,  the  Rb  vapor  pressure  Is 
held  more  or  less  constant  at  2  x  lO”^  Torr,  which  Is 
the  e<|ulllbrlum  vapor  pressure  at  135°C.  Our  estimate 
for  A  Is  made  by  analogy  with  the  solubility  of  Na 
vapor  In  glass,  which  Is  typically  2  weight  percent 
for  glasses  at  300  to  AOO'C  In  equilibrium  with  Na  at 
that  temperature. For  a  glass  of  density  of  2.6 
g/cm^,  this  corresponds  to  two  moles  of  Na  metal  per 
liter  of  glass.  We  have  arbitrarily  assigned  the  same 
molar  concentration  to  Rb  In  our  glass.  Two  moles  per 
liter  gives: 


A*  •  2  X  10“^  moles/cm' 

Clearly,  the  two  systems  are  not  tt)e  same.  The  only 
Justification  for  this  choice  of  A  Is  that  the  2  M 
figure  seems  to  be  constant  for  a  wide  range  of 
conditions. 

For  the  dlffuslvlty,  we  use  values  obtained 
experimentally  from  the  surface  analyses,  as  described 
Section  II.  For  a  liquid  there  la  an  Inverse 
relationship  between  viscosity  and  dlffuslvlty, 
however,  that  relationship  was  empirically  found  not 
to  hold  for  this  glass  over  the  entire  temperature 
range  of  Interest.  The  failure  of  the  empirically 
determined  dlffuslvlty  to  follow  the  viscosity  shows 
that  the  glass-liquid  analogy  falls  In  at  least  this 
aspect,  but  this  failure  need  not  Invalidate  the 
model. 

The  chemical  reaction  cate  Is  the  most  arbitrary 
of  the  three  parameters.  We  have  treated  the  rate 
constant  and  Its  temperature  dependence  as  adjustable, 
and  fit  them  to  two  points  on  the  high  temperature  end 
of  the  lamp  lifetime  data.  High  temperature  lamp 
lifetime  data  were  obtained  by  operating  lamps  both  at 
high  temperature  but  with  no  rf  discharge,  and  at  high 
rf  discharge  powers.  Lamps  operated  under  high  rf 
power  were  found  to  achieve  high  envelope  temperatures 
as  a  result  of  rf  heating  effects.  Lamp  drive  powers 
of  5  Co  10  Watts  resulted  In  lamp  temperatures  of  200 
and  300°C,  respectively.  Because  there  was  no  way  to 
separate  rf  and  temperature  effects  In  this  model,  we 
simply  lumped  all  the  data  together,  characterizing 
each  lamp  by  some  temperature.  Although  not  entirely 
correct,  it  Is  not  totally  unreasonable  to  think  that 
each  lamp  might  have  a  characteristic  temperature  that 
would  allow  Rb  consumption  to  be  appropriately 
described  by  the  combined  effects  on  diffusion  and 
reaction.  The  constant  so  obtained  Is: 

-26,000  _ 

k  -  1.6  X  10^'*  e  T  8  *  (19) 

Alkali  metals  are  not  thermodynamically  capable  of 
reducing  pure  silica  to  give  Si  plus  a  metal  oxide, 
but  they  are  able  to  produce  more  alkaline  glasses  and 
SI: 

4Na  +  3  Na2Si205  -  5Na2S10j  +  Si,6G  -  -98.6  kcal  (20) 

Rb  is  very  likely  to  exhibit  this  same  kind  of 
reaction,  although  the  free  energy  change  will 
probably  be  different.  This  kind  of  reaction  may 
continue  until  2.0  weight  Z  metal  has  been  absorbed. 
Thus,  the  reactivity  exceeds  the  solubility  -  a 
feature  requited  by  the  solutions  to  the  theory.  The 
exact  nature  of  the  reaction  and  Its  thermodynamics 
are  not  requited  by  the  theory,  however. 

In  Fig.  15  the  actual  lamp  lifetimes  as  a 
function  of  temperature  are  given.  The  solid  curve  is 
the  exact  solution  to  the  theory  when  employing  the 
parameters  chosen  In  the  previous  section.  A  lamp 
lifetime  is  defined  for  this  analysis  as  the  time 
required  for  a  lamp  to  consume  400  Ug  of  Rb,  and  in 
many  cases,  this  was  determined  by  extrapolation. 
Using  the  Internal  surface  area  of  an  Efratom  lamp  we 
find  that  this  lifetime  corresponds  to; 

Q  •>  1.18  X  10”^®  moles/cm^.  (21) 

Although  the  data  shown  In  Fig.  IS  have  a  good 
deal  of  scatter  about  the  fit  line,  we  believe  that 
the  qualitative  agreement  between  the  data  and  the 
model  Is  quite  good.  The  scatter  Is  due  at  least  In 
part  to  the  uncertainties  in  the  temperature 
measurements  and  a  possible  Inhomogenelty  of  the  lamp 
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envelope  tenperature*  Figure  15  Indicates  that  the 
reaction  process  between  the  Rb  and  the  glass  starts 
to  becooe  Important  above  200°C,  To  properly 
accelerate  the  life  of  the  discharge  lamp,  l.e. 
Increase  the  rate  of  Rb  consumption  without  changing 
the  primary  consumption  mechanism,  lamp  temperatures 
must  remain  below  200°C.  Referring  to  Fig.  15  one  can 
see  that  the  model  predicts  a  maximum  lamp  life 
compression  of  about  a  factor  of  2  for  a  temperature 
limit  of  200'’C.  A  factor  of  2  Is  certainly  not 
adequate,  especially  when  lamp  lifetimes  of  many  years 
are  desired.  It  Is  doubtful  that  even  with  an 
Improved  model  the  conclusion  that  lamp  life 
acceleration  Is  severely  restricted  would  be  altered 

Despite  the  fact  that  a  lamp  life  acceleration 
technique  does  not  appear  to  be  feasible,  It  should  be 
possible  using  the  DSC  technique  to  verify  the  quality 
of  a  lamp  and  ensure  Its  reliability.  In  all  cases, 
with  the  possible  exception  of  the  Schott  glass 
lamps,  Rb  consumption  was  found  to  obey  the  relation 

Mj^j^(t)  -  R/t  +  B  (6) 

The  factor  R  Is  dependent  on  the  particular  lamp 
conditions.  Once  this  factor  Is  established  It  can  be 
used  as  a  guide  to  Judge  the  quality  of  all  subse¬ 
quently  manufactured  lamps.  Specifically,  one  can 
measure  Rb  consumption  In  a  lamp  over  Its  first  1000  h 
(~  one  month)  and  uniquely  determine  Its  consumption 
law,  l.e.,  the  factors  R  and  B  can  be  found  for  a 
particular  lamp.  Comparing  the  consumption  law 
obtained  for  a  specific  lamp  with  the  general 
consumption  law  obtained  In  a  more  extensive  study  of 
lamps  under  the  particular  operating  conditions  will 
allow  one  to  determine  whether  that  particular  lamp  is 
behaving  normally  or  had  been  subject  to  any 
processing  anomalies.  Because  lamp  failure  Is  due 
primarily  to  the  deterministic,  predictable  phenomenon 
of  diffusion  of  Rb  Into  the  glass  walls  of  the  lamp 
and  Is  not  statistical  In  nature,  It  Is  sufficient  to 
know  that  a  particular  lamp  has  been  properly 
manufactured  to  predict  Its  lifetime,  once  the  general 
law  for  Rb  consumption  for  that  type  of  lamp  has  been 
determined.  The  screening  of  a  rubidium  lamp 
therefore  Involves  (1)  visual  Inspection  for 
dimensional  tolerances  and  processing  defects,  (2) 
measurement  of  Rb  fill  for  compliance  with  limits  set 
with  regard  to  life  and  noise,  and  (3)  burn-ln  with 
calorimetric  determination  of  Rb  consumption. 
Experience  has  shown  that  defective  lamps  have  either 
(1)  obvious  defects,  (2)  Improper  fill  or  (3)  rapid  Rb 
consumption  (not  necessarily  obeying  the  /t  law).  An 
accelerated  life  test  would  be  useful  to  establish 
lamp  consumption  laws  under  different  conditions  In  a 
minimum  amount  of  time,  but  an  accelerated  test  Is  not 
required  to  ensure  reliable  lamp  operation  under 
previously  tested  conditions. 

VI.  SUMMARY 

Extensive  studies  have  been  conducted  on  the 
reliability  of  the  Rb  discharge  lamp  under  a  limited 
set  of  different  operating  conditions.  Under 
conditions  In  which  this  lamp  Is  typically  used,  the 
primary  life-limiting  process  was  identified  to  be  the 
diffusion  of  the  Rb  atoms  Into  the  glass  envelope. 
Because  the  diffusion  of  Rb  into  the  glass  Is 
completely  deterministic,  the  lamp  lifetime  can  be 
specified  In  principle  by  knowing  the  Initial  Rb 
content  and  the  lamp  operating  conditions.  The 
reliability  of  a  particular  lamp  can  be  ensured  by 
using  the  DSC  technique  to  Identify  the  presence  of 
any  anomalies  In  the  rate  of  Rb  consumption  for  a 
particular  laiq>.  With  adequate  manufacturing 
procedure  and  careful  initial  lamp  testing,  lamp 


lifetimes  In  excess  of  ten  years  can  easily  be 
guaranteed.  This  type  of  reliability  makes  these 
lamps  well  suited  for  use  In  Rb  atomic  frequency 
standards  designed  for  use  In  satellite  applications. 
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Table  I.  Comparison  of  Lamp  Operating  Conditions 


User/Glass 

Ef ratom/ 
Corning 
1720“ 

EG&G/ 

Corning 

1720“ 

Ef ratom/ 
Schott® 

outside  dia¬ 
meter  (cm) 

0.9 

0.8 

1.0 

length  (cm) 

-  1.5 

o 

1.5 

Interlorce  , 

surface  area  (cm^) 

-  4 

-  2.3 

5.1 

operating 

temperature*^ 

Cc) 

120 

115 

120 

rf  frequency 
(MHz) 

-  100 

110 

-  100 

rf  drive  power 
(W) 

<  2 

0.45 

<  2 

a.  T.  C.  English  and  E.  Jechart,  "Development  of  A 

Sapphire  Lamp  for  Use  In  Satellite-Borne  Atomic 
Rubidium  Clocks,"  Proceedings,  35th  Annual 

Symposium  on  Frequency  Control,  US  Army 
Electronics  Command,  Ft.  Monmouth,  NJ  (1981),  pp. 
637-645.  Copies  available  from  Electronic 
Industries  Association,  2001  Eye  Street,  NW, 
Washington,  DC  20006. 
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Time  Interval  Applications  and  Planning  Meeting, 
Naval  Research  Laboratory,  Dec,  1-3,  1981,  NASA 
Conference  Publication  No.  2220,  pp.  609-630. 

c.  Lamp  operating  temperature  Is  controlled  at  the 
base  of  the  lamp.  The  rest  of  the  lamp  envelope 
Is  hotter  depending  on  the  rf  drive  power  and  the 
particular  thermal  paths  associated  with  the  lamp 
structure.  Thermal  gradients  along  the  glass 
envelope  can  typically  be  30*C  or  more. 


25.  This  Section  Is  based  primarily  on  the  work  of 
Dr.  L.  R.  Martin  of  The  Aerospace  Corporation. 
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Table  H.  Lamp  Measurement  Results 


For 

Efratom  8437 

Lamps 

Lamp  t 

Total 
Rubidium 
from  NAA 
(ug) 

Rubidium 
Reservoir 
from  DSC 
(ug) 

Rubidium 

Consumed 

(ug) 

Operating 

Time 

±  700  (h) 

881-3 

397  ±  40 

300  ±  20 

97  ± 

45 

25  X  10^ 

604 

184  ±  20 

0 

184  ± 

20 

50.6  X  10^ 

613 

220  ±  22 

0 

220  ± 

22 

57.8  X  10^ 

397 

221  ±  21 

53  ±  5 

169  ± 

22 

69.4  X  10^ 

400 

233  ±  23 

39  ±  4 

203  ± 

23 

69.4  X  10^ 

633 

229  ±  22 

64  ±  5 

165  ± 

23 

69.4  X  10^ 

718 

266  i  26 

28  ±  2 

238  ± 

26 

69.4  X  10^ 

TYPICAL  RUBIDIUM  LAMP 


■'MtlAL  BASE 


'■  .  -HUBIDIUM  MEIAL  RISERVOIR 

' .  IIP  Off  RtGIOIV 
POTTING  MATERIAL 

Figure  1.  Typical  Rb  discharge  lamp.  Lamp  consists 
of  a  glass  envelope  which  contains  excess 
Rb  metal  and  a  buffer  gas.  An  rf  coil, 
not  shovm,  surrounds  the  exposed  portion 
of  the  glass  envelope  and  sustains  a 
plasma  In  the  lamp.  Figure  after  Ref. 
(9). 


PENETRATION  DEPTH,  micrometers 


Figure  2.  Rb  penetration  Into  a  Pyrex  glass  surface 
from  SIMS  analysis.  The  surface  occurs  at 
0  pm.  The  sharp  decrease  and  Increase  In 
Rb  concentration  near  4  gm  is  believed  to 
be  due  to  Inhomogeneltles  In  the  glass  and 
not  related  to  the  penetration 
mechanism.  The  vertical  axis  Is  relative 
elemental  concentration.  Because  of 
differing  SIMS  elemental  sensitivities  the 
relative  concentrations  between  Rb  and  SI 
can  not  be  directly  compared. 


Figure  3.  Experimental  Rb  penetration  from  SIMS 

analysis  data  (•)  and  fit  curve  ( - )  for 

Pyrex  glass  samples  (a)  with  discharge 
present  and  (b)  without  discharge. 
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Ul(F[RtN]lM  SIGNAL  aibiiiaiv  unns 


ANALYSES  OF  Rb  CONCENTRATION  IN  LAMP  ENVELOPE 


APPROXIMATE  PENETRATION  DEPTH  INTO  SAMPLE,  nm 


Figure  4.  Rb-glase  interaction.  Rb  atoms  ate  found 
to  react  with  oxygen  atoms  near  the  glass 
surface  and  then  diffuse  Into  the  glass  as 
Rb20.  Unreacted  Rb  atoms  also  diffuse 
Into  the  glass  and  react  to  form  Rb- 
slllcate. 


Hr:  MC’AL  CONutNSbD  UN 
FRONI  fall  of  lamp 


Figure  5.  Calorimetric  measurement  of  the  Rb  content 
of  a  Rb  lamp.  The  differential  heat  pulse 
la  displayed  versus  temperature  for  a 
typical  Rb  lamp  measurement.  The  area 
under  the  pulse  can  be  Integrated  to 
determine  the  total  energy  that  was 
required  to  melt  the  Rb  sample  and  thus 
determine  the  elemental  Rb  content  of  the 
lamp. 


Figure  6.  Photograph  of  EG&G  lamp  showing  Rb  metal 
driven  to  front  face  In  preparation  for 
calorimetric  measurement.  The  Rb  metal 
must  form  a  tight,  compact  sample  to 
achieve  best  measurement  with  calorimeter. 


RUBIDIUM  CONSUMPTION 
CORNING  1720  Rb  LAMP  A1-3 


10'  10?  103  lO'l 

Log  LAMP  OPERATING  TIME,  hr 


Figure  7.  Typical  Rb  consumption  data  for  Efratom 
lamp  operated  under  the  Efratom  normal 
conditions.  Measurements  are  denoted  by 
Che  symbol,  "a**  .  The  dashed  line  Is  a 
power  law  fit  to  the  data  while  the  solid 
line  represents  a  fit  to  Che  diffusion 
law,  see  Bq.  (6)  in  the  text. 


Log  Rb  CONSUMPTION,  micrograms 


RUBIDIUM  CONSUMPTION 
EFRATOM  LIFE  TEST  LAMPS. CORNING  1720  GLASS 


1  10^  103  lO^ 

Log  LAMP  LlfE,  hr 


Figure  8.  Results  of  the  lamp  life  test  conducted  by 
Efratom  for  Corning  1720  glass  lamps. 
Each  symbol  represents  a  lamp  that  was 
operated  to  failure.  Total  operating  life 
Is  plotted  on  the  horizontal  axis  versus 
the  Initial  Rb  fill  of  the  lamp  on  the 
vertical  axis. 


RUBIDIUM  CONSUMPTION 
EFRATOM  LAMPS,  SCHOTT  8436  GLASS 


Log  LAMP  OPERATING  TIME,  hr 


Figure  10.  Composite  plot  of  Rb  consumption  In  Schott 
8A36  lamps  of  the  Efratom  design  operated 
under  Efratom  normal  conditions.  Each 
symbol  represents  a  different  lamp  Solid 
line  Is  a  diffusion  law  fit  to  the  data, 
see  Eq.  (6)  In  the  text. 


RUBIDIUM  CONSUMPTION 
EG&G  DATA 


Log  LAMP  OPERATING  TIME,  hr 


Figure  9.  Composite  plot  of  Rb  consumption  data  for 
EG&C  lamps  measured  at  EG&G.  Solid  line 
representa  a  dlffualon  law  fit  to  the 
data;  aee  Eq.  (6)  In  the  text.  The 

initial  Rb  conaumptlon  factor  has  been 
subtracted  from  the  data  for  each  lamp 
before  plotting. 


RUBIDIUM  CONSUMPTION 
EFRATOM  LAMPS.  SCHOTT  8437  GLASS 


Log  LAMP  OPERATING  TIME,  hr  1  yr  ByrlOyr 


Figure  11.  Rb  life/conaumptlon  data  for  Schott  8A37 
glass  lamps.  Total  operating  times  versus 
either  total  Rb  fills,  if  lamp  has  failed, 
or  consumed  Rb,  if  lamp  la  still 
operating,  are  plotted  for  a  number  of 
lamps  with  Schott  8437  glass  envelopes. 
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luQ  Rb  CONSUMER,  iiiicruyiains  «  l-“3  R*)  CONSUMED,  micrograms 


DANCKWERTS  SOLUTION 


RUBIDIUM  CONSUMPTION 
("TWO  GLASS"  MODEL  PREDICTION) 


ire  12.  Schott  8437  glass  lamp  data  with  a  fit, 
solid  line,  to  the  two  glass  model  of  Rb 
consumption.  Inset  shows  the  two 

different  diffusion  regions  In  the  glass; 
a  narrow  region  characterized  by  a 
relatively  large  diffusion  coefficient  for 
the  Rb  and  the  bulk  glass  which  has  a 
lower  diffusion  coefficient. 


Figure  14.  Solution  of  Eq.  (13)  la  shown  as  a 
function  of  the  dimensionless 

parameter  kt.  The  time  at  which  Rb 
consumption  begins  to  be  proportional  to 
time  depends  on  the  strength  of  the 
reaction.  This  is  not  seen  to  occur  for 
the  Rb  lamps  studied  under  the  normal 
operating  condltons  out  to  times 

approaching  10  yr. 


RUBIDIUM  CONSUMPTION 
(SIMPLE  DIFFUSION  FITS) 


Figure  13.  Schott  8437  glass  lamp  data  fit  Co 
diffusion  model.  Because  the  data  seemed 
to  break  up  Into  two  distinct  groups,  two 
fits  were  performed.  Compared  with  Che 
longer-lived  lamps,  the  short-lived  lamps 
show  a  much  Increased  diffusion  rate. 


LAMP  UIPETIMES 
(400  mtcrooram  FILL) 


Figure  IS.  Extrapolated  Rb  lamp  lifetime  versus  lamp 
temperature  for  lamps  of  the  Efratom 
design  constructed  out  of  Corning  1720 
glass.  Rb  lamp  lifetime  here  Is 
arbitrarily  defined  to  be  the  time  It 
takes  a  lamp  to  consume  400  pg.  Solid 
line  Is  model  prediction  based  on  some 
adjustable  parameters.  Above  200*C  the  Rb 
consumption  process  Is  seen  to  change  from 
diffusion  to  reaction.  This  change 
severely  limits  the  degree  to  which  lamp 
failure  may  be  accelerated. 
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ABSTRACT 

Spectral  lineshape  narrowing  of  atomic  vapor 
emission  In  a  bufferless,  wall-coated  absorption  cell 
has  been  analyzed  using  the  same  formalism  developed 
to  describe  sub-Doppler  llnewldths,  Dlcke-narrowlng, 
In  a  buffered  cell.  Dramatic  linewldth  reductions  In 
the  buffetless  cell,  compared  to  the  buffered  cell, 
occur  because  of  the  high  probability  that  Doppler 
shifts  before  and  after  a  particular  wall  collision 
will  cancel  each  other.  The  formalism  described 
allows  more  physical  insight  than  the  classic  one- 
dimensional  box  model  previously  invoked  to  explain 
spectral  narrowing  in  bufferless,  wall  coated  cells. 
Additionally,  this  formalism  reveals  a  correlation 
between  post-collision  velocities  and  Intercolllslon 
times  in  the  buffered  cell  resulting  in  modifications 
of  the  standard  Dlcke  analysis  of  these  cells. 
Finally,  the  computational  power  of  the  technique  is 
demonstrated.  The  effects  of  varying  cell  size  on  Rb 
and  Cs  hyperfine  lineshapes  and  the  results  of  the 
presence  of  an  inhomogeneous  magnetic  field  within  the 
cell  are  analyzed. 

I.  INTRODUCTION 

The  phenomenon  of  producing  sub-Doppler  spectral 
llnewldths  in  atomic  emissions  by  confining  atoms  with 
a  buffer  gas  is  well  known.  This  line-narrowing 
effect  was  first  analyzed  by  R.  H.  Dlcke  and  Is 
typically  termed  Dlcke-narrowlng.*  Dlcke  considered 
atoms  confined  by  a  non-perturbing  buffer  gas  of 
sufficiently  high  pressure  that  the  mean  free  path  of 
the  emitting  atom  was  much  less  than  the  wavel,et»th  of 
the  emitted  radiation.  Subsequent  analyses^  have 
relieved  this  constraint  and  have  produced  a  formalism 
that  predicts  a  Doppler  broadened  Gaussian  lineshape 
In  the  limit  of  low  buffer  gas  pressure  and  reproduces 
Dicke's  result,  a  narrowed  Lorentzian  lineshape  in  the 
limit  of  high  buffer  gas  pressure.  One  of  the  most 
dramatic  realizations  of  Dlcke-narrowlng  is  observed 
in  the  magnetic  dipole  transitions  of  the  hyperfine 
levels  of  alkal^  atoms.  ground  state  hyperfine 

transitions  of  'Rb  and  ''Cs,  at  frequencies  6.8  GHz 
and  9.2  GHz,  respectively,  have  been  extensively 
studied  because  of  .their  applications  In  atomic  fre¬ 
quency  standards.'”*®  In  Fig.  1  we  compare  a  typical 
lineshape  that  might  be  observed  for  the  ground  state 
hyperfine  transition  In  “*Rb  In  the  presence  of  a  few 
Torr  of  buffer,  with  a  calculation  of  the  full  Doppler 
profile.  Typically  observed  llnewldths  are  about  300 
Hz  with  only  a  small  fraction  of  that  due  to  the 
residual  Doppler  contribution,  while  the  full  Doppler 
width  Is  computed  to  be  around  10  kHz. 

The  lineshape  derived  by  Dlcke  Is  given  by:' 

l(ai)  2x  D/X^ _  (jj 

*0  +  (2x  D/X^)^ 

where  D  Is  the  diffusion  constant  of  the  atom  through 
the  particular  buffer  gas,  and  X  Is  the  wavelength  of 
the  transition,  X  -  c/2nu)  .  TJie  full  width  ^  half 
Intensity  of  the  line  Is  ?»D/X  (rad/s).  For  Rb  In 
a  typical  noble  gas  buffer,  e.g.  Kr,  one  computes  the 
residual  Doppler  width,  l.e.  the  Dlcke-  narrowed 


contribution,  to  be  approximately  40  Hz/p,  where  p  Is 
the  pressure  of  the  buffer  in  Torr.  In  a  few  Torr  of 
buffer  gas  then  the  Dlcke  narrowed  contribution  Is 
only  a  very  small  fraction  of  the  total  linewldth.  In 
the  usual  experiments  the  major  contributions  to  the 
linewldth  arise  from  the  effects  of  the  optical  pump¬ 
ing  radiation,  the  microwave  field,  magnetic  field 
gradients  and  the  like. 

It  Is  also  well  known  that  sub-Doppler  llnewldths 
can  be  obtained  In  absorption  cells  containing  no 
buffer  gases,  rather  having  wall  coatings,  such  as 
paraffin,  to  minimize  the  relaxation  effects  of  wall 
collisions  on  the  atomic  spin  orientation. 
Microwave  llnewldths  as  narrow  as  llg  Hz  have  been 
observed  In  some  of  these  experiments.  The  spectral 
narrowing  of  the  rf  or  microwave  lines  In  these  buf¬ 
ferless,  wall  coated  cells  have  been  explained  by 
appealing  to  the  example  of  an  emitting  atom  confined 
to  a  one-dlmenslonal  box.  In  this  model  with  an  atom 
confined  to  a  box  of  dimension,  a,  travelling  at 
constant  velocity  V,  and  being  allowed  only  to  rebound 
elastically,  reversing  direction  upon  a  wall  colli¬ 
sion,  it  can  be  easily  shown  that  for  non-integral 
values  of  a/X  the  atom  emits  at  the  normal  unshifted 
frequency  plus  at  sideband  frequencies  determined  by 
Its  velocity.  For  an  ensemble  of  atoms  with  a 
Maxwell-Boltzmann  velocity  distribution  confined  to  a 
one-dlmenslonal  box,  one  finds  the  lineshape  to  be 
composed  of  a  central  spike  at  the  normal  unshlfted 
frequency,  and  a  broad  pedestal  built  up  from  the 
velocity  dependent  sideband  frequencies. 

In  reality,  however,  atoms  confined  to  buffer¬ 
less,  wall  coated  cells  are  not  well  described  by  the 
one-dlmenslonal  box  model.  All  real  cells  are  three 
dimensional.  Simply  generalizing  the  one-dlmenslonal 
model  to  two  dimensions  changes  the  physical  problem 
significantly.  First,  the  distance  that  the  atom  may 
travel  between  collisions  Is  no  longer  fixed,  rather 
It  Is  distributed  from  zero  to  the  diameter  of  the 
cell.  Additionally  even  If  the  atom  Is  assumed  to  be 
emitted  from  the  cell  surface  with  a  fixed  speed,  S, 
from  the  observer's  point  of  view  a  range  of  velocity 
components  Is  possible  as  the  atom  rebounds  randomly 
within  the  cell.  In  two  dimensions  the  well  defined 
sideband  emission  frequencies  disappear.  Due  to  the 
range  of  velocities,  sideband  frequency  power  Is 
spread  over  all  frequencies  between  ±  Su  /2xc.  Aver¬ 
aging  these  lineshapes  over  a  Maxwell-Boltzmann  dis¬ 
tribution  results  In  a  center  peak  resting  on  a  non- 
Doppler  pedestal.  Furthermore,  purely  elastic  col¬ 
lisions  with  cell  walls,  allowing  atoms  to  bounce  with 
no  change  In  speed,  are  not  truly  realistic.  In  fact, 
coated  cell  walls  tend  to  be  somewhat  sticky.  Atoms 
that  collide  with  the  coated  wall  stick  ^r  some 
period  of  time,  between  10  ^  and  10  s,*  *  and 

then  are  re-emltted  at  some  random  angle  and  random 
velocity  governed  by  the  respective  angle  and  velocity 
distribution  functions.  Relaxing  the  condition  of 
elastic  collisions  at  the  wall  In  the  one-dlmenslonal 
model  also  results  in  a  sharp  central  spike  resting  on 
a  clearly  non-Doppler  pedestal  because  once  again  each 
atom  experiences  a  number  of  different  velocities  over 
Its  lifetime  and  thus  would  emit  at  numerous  sideband 
frequencies  so  that  the  spectral  power  la  spread  out 
leaving  the  greatest  intensity  at  the  normal  unshlfted 
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frequency.  Finally,  upon  close  Inspection  It  seems 
strange  that  one  should  need  two  distinct  formalisms 
to  describe  spectral  line  narrowing  under  colllslonal 
confining.  Dlcke's  criterion  Is  that  the  emitting 
atom  suffer  collisions  that  do  not  perturb  th^^atom's 
internal  state.  As  pointed  out  by  Vanler  ,  the 
mechanism  of  a  wall  collision  is  Identical  to  t  lat  of 
a  gas  collision,  and  thus  an  atom  should  not  really 
know  If  It  is  confined  by  a  buffer  gas  or  a  wall. 
However,  a  naive  application  of  the  llne-narrowlng 
formalism  to  the  bufferless,  wall  coated  cell  com¬ 
pletely  falls.  In  Fig.  2  we  plot  the  full  width  at 
hal  f  j^^ntenslty  of  the  residual  Doppler  contribution  to 
the  Rb  microwave  llneshape  at  6.8  GHz,  aS2J)^edlcted 
by  the  complete  1 1 ne-narrowlng  formalisms,  versus 
the  dimensionless  parameter,  a/X,  where  a  Is  the  mean 
free  path  of  the  atoms.  The  area  to  the  left  of  the 
dashed  line  In  the  figure  Indicates  the  region  of 
applicability  of  Dlcke's  result.  To  the  right  of  the 
dashed  line,  the  llnewldth  Is  seen  to  smoothly  go  to 
the  full  Doppler  width,  as  expected.  In  addition,  we 
have  also  plotted  in  Fig.  2  the  estimate  of  the 
residual  Doppler  contribution  to  the  llnewldth 
observed  In  Ref.  (18),  denoted  by  the  symbol,  "+".  In 
this  particular  case  we  took  the  mean  free  path  of  the 
Rh  atoms  to  be  the  radius  of  the  absorption  cell.  It 
Is  quite  apparent  that  the  standard  formulations  of 
llne-narrowlng  fall  dramatically  In  this  situation. 

We  have  Investigated  the  llne-narrowlng  phenome¬ 
non  In  a  bufferless,  wall  coated  absorption  cell 
following  the  same  formalisms  developed  for  the  buf¬ 
fered  cell.  We  have  found  that  although  the  trajec¬ 
tories  that  the  atom  has  over  Its  hyperflne  state 
lifetime  have  a  statistical  nature,  because  atoms 
striking  the  coated  wall  are  adsorbed  for  a  finite 
time  onto  the  coating  and  then  re-emltted  ran¬ 

domly  with  a  cosine  angle  distribution,  there  still  Is 
a  very  high  probability  that  the  Doppler  shifts  before 
and  after  a  particular  wall  collision  are  of  opposite 
sign  leading  to  an  effective  cancellation  of  their 
effects.  Additionally,  analysts  of  Che  atomic  tra¬ 
jectories  In  a  wall  coated  cell  demonstrates  a  cor¬ 
relation  between  post-collision  velocities  and  Inter- 
colllslon  times.  While  not  of  great  significance  in 
these  celts,  a  similar  correlation,  albeit  much 
weaker,  exists  In  the  buffered  cell.  This  correla¬ 
tion,  which  has  been  completely  neglecte<|  ^n  previous 
analyses  of  the  llne-narrowlng  phenomenon  will  lead 
to  additional  narrowing  of  the  residual  Doppler  con¬ 
tribution  beyond  that  given  In  the  standard  analy¬ 
ses,  A  major  value  of  our  new  analysis  Is  that 
spectral  llne-narrowlng  due  to  confining  collisions 
can  be  explained  by  a  single  formalism  despite  the 
origin  of  the  confining  collisions.  Finally,  the 
analytical  value  of  the  technique  Is  demonstrated  In 
Section  C  where  the  effects  changing  cell  size  and 
magnetic  field  Inhomogeneltles  are  quantitatively 
analyzed. 

II.  ANALYSIS  AND  RESULTS 

An  effective  method  of  analyzing  certain  aspects 
of  radiation  problems,  as  pointed  out  by  Welaskopf , 

Is  to  treat  each  radiating  atom  as  a  clasalcal  oscil¬ 
lator.  This  technique  haa  been  exploited  In  previous 
analyses  of  Jlne  narrowing  for  an  atom  surrounded  by  a 
buffer  gas.  ’  The  displacement  of  the  oscillator, 
x(t)  Is  given  by, 

u)  t 

x(t)  -  A  cos  111)  t+— ^  /  v(T)dTl,  (2) 

O  C  '  K 
O 

with  ID  the  atomic  transition  frequency,  the 

velocity  component  leading  to  the  Doppler  shift,  c  the 


speed  of  light,  and  A  a  constant.  For  the  time 
between  the  (l-l)th  and  1th  collisions  with  the  buffer 
gas  atoms,  T(l),  the  radiating  atom  has  a  fixed 
velocity,  Vjjd)*  This  allows  rewriting  Eq.  2  as 

v)  N 

x(t)  “  A  cos  1(1)  t  +  1  V  (1)  T(l)),  (3) 

°  1-1  * 

with  N  being  the  number  of  collisions  In  time  t. 

Typically  the  post-collision  velocities  and 
Intercolllslon  times  are  treated  as  independent, 
stationary,  random  variables.  The  autocorrelation 
function  of  the  oscillator,  F(t)  is  given  by^® 

F(i)  -  <  x(o)-  x(t)>,  (4) 

where  the  brackets  indicate  stochastic  averaging  over 
the  random  variables,  and  T.  To  perform  the  avera¬ 
ging  the  probability  density  functions  for  the  random 
variables  are  required.  For  the  radiating  atom  sur¬ 
rounded  by  a  buffer  gas  the  post-collision  velocities 
are  distributed  according  to  the  Maxwell-Boltzmann 
distribution  while  the  intercolllslon  times  are 
assumed  to  be  distributed  according  to  a  simple 
Poisson  distribution.  In  this  model  the  velocity  and 
hence  the  Doppler  shift  after  a  collision  is  assumed 
to  be  completely  independent  of  those  prior  to  the 
collision.  The  Fourier  transform  of  the  autocorrela¬ 
tion  function  la  the  oscillator's  power  spectral 
density  or  In  this  case  more  appropriately  termed  the 
transition  llneshape.  Linewldths  obtained  using  this 
procedure  yield  the  solid  curve  plotted  on  Fig,  2. 

A.  Analysis  of  Motional  Narrowing  In  the  Wall  Coated 

Cell 

It  has  been  shown  that  the  naive  application  of 
the  results  of  the  standard  buffer  gas  analysis  to 
motional  narrowing  In  the  wall  coated  cell  does  not 
yield  the  correct  llnewldth.  Carrying  out  a  mote 
detailed  analysis  of  the  wall  coated  cell  case  within 
the  stochastic  averaging  framework  Is  not  straight¬ 
forward.  First,  while  the  post-collision  velocities 
will  undoubtedly  be  distributed  In  a  Maxwell-Boltzmann 
form  It  Is  not  obvious  that  the  Intercolllslon  times 
are  still  distributed  according  to  a  Poisson  distribu¬ 
tion.  Additionally,  the  assumption  that  there  Is  no 
relation  between  the  velocity  and  Doppler  shift  before 
and  after  a  collision  Is  no  longer  even  approximately 
correct.  In  a  coated  cell  there  la  a  high  probability 
that  the  velocities  before  and  after  a  collision  will 
have  opposite  signs  and  their  Doppler  shlfta  will  tend 
to  cancel.  In  effect  a  Markofflan  relation  exists 
between  the  velocities  before  and  after  a  collision. 
Aspects  of  the  effects  of  similar  relationships  have 
been  discussed  by  Anderson^  and  Kubo^  with  regard  to 
motional  narrowing  In  NMR  spectra.  However,  attempt¬ 
ing  to  apply  their  analyses  to  this  problem  Is  quite 
difficult. 

An  alternative  to  these  standard  stochastic 
analyses  Is  to  explicitly  obtain  x(t)  as  a  function  of 
time  and  then  perform  Its  Fourier  analysis.  To  carry 
this  out  It  is  necessary  to  generate  a  series  of 
V  (D's  and  TCD's  as  would  be  observed  In  a  wall 
coated  cell.  This  has  been  done  by  calculating  the 
classical  trajectories  of  a  particle  in  the  wall 
coated  cell.  For  computational  simplicity  a  two 
dimensional  circular  cell  was  used  to  approximate  the 
actual  spherical  cell.  We  do  not  feel  this  Is  a 
particularly  restrictive  approximation  for  this 
Initial  analysis  as  the  agreement  between  our  computa¬ 
tional  results  and  prior  experimental  studies  will  be 
shown  to  be  very  good. 
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Starting  with  a  particle  at  a  random  location  on 
the  cell  wall  two  random  variables  are  used  to  specify 
the  particle's  path  until  Its  next  collision  with  the 
wall.  9  Is  the  angle  of  particle  emission  from  the 
cell  wall  while  S  Is  Its  speed  upon  emission,  8  ranges 
from  -rr/2  to  x/2  with  respect  to  the  direction  normal 
to  the  cell  wall  at  the  point  the  particle  has 

Impacted.  It  Is  well  known  that  In  collisions  between 
alkali  atoms  and  cell  walls  coated  with  materials  like 
paraffin  the  collidln^^ a^^ms  are  physically  adsorbed 
and  then  re-emitted.  ’  The  angle ,  8,  has  been 

found  to  be  cosine  distributed. The  emission 
speeds  were  assumed  to  satisfy  the  Maxwell-Boltzraann 
speed  distribution.  Generation  of  random  variables 
satisfying  these  dis^^l^^tlons  were  performed  using 
standard  techniques.  '  Once  a  particular  S 

and  9  are  selected  it  is  possible  to  determine  the 
next  impact  point,  the  intercollislon  time,  and  the 
component  of  velocity  In  the  direction  of  the 

detector,  V  (i),  that  leads  to  the  Doppler  shift. 

Repeating  th\s  procedure  allows  generation  of  a  full 
particle  trajectory. 

To  account  for  the  finite  coherence  lifetime,  t^, 
of  the  radiating  atom,  Eq.  3  assumes  the  form, 

111  N 

A  cos  |w  t  +-^  TV  (l)T(l)):  t<t 
°  1=1  *  ° 

x(t)  =  (5) 

0  :  t>t 

o 

with  the  Vj^(i)'s  and  T(i)'3  from  the  trajectory  cal¬ 
culation.  Rather  than  calculating  the  autocorrelation 
function  of  x(t)  and  then  obtaining  the  llneshape  from 
Its  Fourier  transform,  the  direct  Fourier  analysis  of 
x(t)  was  performed.  The  llneshape  G(ui)  is  related 
directly  to  x(t)  in  Eq.  6:^' 

+  » 

G(ii))  -  I  /  e'^“'^  x(t)  dt|^.  (6) 

The  Fourier  transform  of  x(t)  was  computed  numerical¬ 
ly.  This  is  facilitated  by  noting  that  between  each 
collision  the  radiation  from  the  atom  appears  to  have 
a  fixed  frequency  and  that  the  frequency  changes 
discretely  upon  each  collision.  Eq.  6  can  then  be 
broken  into  a  sum  of  Integrals  one  for  each  intercol¬ 
lision  period. 

Strictly  speaking  one  should  explicitly  take  into 
account  the  fact  that  t  represents  an  average 
lifetime  of  the  atom,  and  weight  Che  colllslonal 
effects  over  the  atom's  lifetime  using  an  exponential 
function.  Because  the  average  lifetime  is  so  much 
larger  than  the  average  intercollislon  time  in  the 
systems  of  interest,  only  a  very  few  atoms  do  not 
participate  in  the  colllslonal  averaging.  As  will  be 
shown,  colllslonal  narrowing  in  these  systems  is 
extremely  effective  and  thus  we  decided  for  the  sake 
of  clarity  to  consider  only  an  average  atomic  state 
lifetime  knowing  that  under  the  specified  conditions 
the  error  will  be  negligible.  However  in  a  more 
general  situation  in  which  a  substantial  fraction  of 
the  atoms  have  relatively  few  collisions  over  their 
lifetimes  a  properly  weighted  lifetime  function  would 
have  to  be  incorporated  into  Eq.  (5)  and  appropriate 
averaging  performed.  One  further  computational  aspect 
should  also  be  discussed.  x(t)  Is  specified  by  a 
trajectory  lasting  a  period  t  .  In  principle  an 
Infinite  number  of  different  trajectories  each  lasting 
t  can  be  generated.  Each  trajectory  will  yield  a 
different  x(t)  with  a  slightly  different  GCm). 


Typically  the  llneshapes  presented  were  the  result  of 
averaging  llneshapes  from  several  different  trajecto¬ 
ries.  This  eliminates  the  possibility  of  an  artifac- 
tual  G(w)  resulting  from  a  single  peculiar  trajec¬ 
tory.  Additionally,  this  averaging  results  in  a  much 
smoother  more  accurate  llneshape. 
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Application  of  this  procedure  to  Rb  at  25°C  In 
a  wall  coated  cell  with  radius  3.63  cm  matching  thg 
experimental  conditions  of  Robinson  and  Johnson^ 
yields  the  llneshape  shown  in  Fig.  3.  The  linewldth 
is  approximately  10  Hz  indicating  that  in  the  wall 
coated  cell  Dlcke  narrowing  effectively  removes  all 
Doppler  broadening  yielding  the  linewldth  specified  by 
the  radiating  atom's  coherence  lifetime  in  the  cell, 
approximately  0.1  s.  This  result  is  in  excellent 
agreement  with  the  measurements  In  Ref.  (18)  in  which 
no  residual  Doppler  broadening  was  observed.  Addi¬ 
tionally  the  central  peak  is  found  to  be  resting  on  a 
broad  Gaussian  pedestal  with  a  width  of  approximately 
7.8  kHz.  Experimentally,  the  pedestal  was  observed  to 
have  the  full  Doppler  width  of  9  kHz.  We  do  not  feel 
that  the  origin  of  the  pedestal  is  fully  explained  by 
the  present  calculations.  Further  broadening  mecha¬ 
nisms  not  Included  in  our  analysis  are  most  likely  In 
action.  As  our  primary  concern  Is  the  mechanisms 

leading  to  the  narrow  central  spike,  analysis  of  the 
pedestal  will  be  left  to  subsequent  investigations. 

The  extremely  efficient  Dlcke  narrowing  found  in 
the  wall  coated,  bufferless  cell  is  due  primarily  to 
the  high  probability  that  the  velocity  after  a  colli¬ 
sion  will  have  the  opposite  sign  to  that  prior  to  the 
collision  resulting  in  a  cancellation  of  the  Doppler 
shifts.  The  significance  of  this  relationship  between 
the  pre-  and  post-collision  velocities  may  be  readily 
demonstrated.  To  do  this,  the  trajectory  calculation 
is  repeated.  However,  this  time  upon  each  collision, 
the  position  of  the  particles  is  randomized  over  cell 
surface.  While  each  trajectory  is  still  subject  to 
the  spatial  constraints  of  the  cell  and  the  cosine 
emission  distribution,  any  "memory"  of  a  prior  vel¬ 
ocity  is  removed. 

In  Fig.  4a  the  llneshape  for  a  particle  in  a 
0.363  cm  radius  wall  coated,  bufferless  cell  obtained 
from  the  standard  trajectory  calculation  is  shown. 
Beneath  it  in  Fig.  4b  the  llneshape  resulting  from  the 
modified  trajectory  calculation  Just  described.  The 
0.363  cm  radius  is  one  tenth  that  used  in  the  experi¬ 
ments  of  Robinson  and  Johnson  and  was  chosen  for 
clarity  of  example  such  that  the  uncorrelated  line- 
width  would  still  be  well  below  the  full  Doppler 
width.  The  linewldth  in  Fig.  4b  Is  approximately  1400 
Hz,  over  two  orders  of  magnitude  larger  Chan  Che  10  Hz 
linewldth  of  Fig.  4a.  The  linewldth  displayed  in  Fig. 
4b  is  essentially  the  same  as  predicted  by  the 
standard  statistical  analyses.  Subtle  differences 
between  the  llneshape  displayed  In  Fig.  4b  and  that 
given  by  the  standard  analyses  are  due  to  the  non- 
Polsson  Intercollislon  time  distribution  found  in  the 
wall  coated  cell  and  thus  an  exact  comparison  with 
Fig.  2  is  not  appropriate.  This  calculation  clearly 
verifies  that  It  Is  the  relationship  between  the  pre- 
colllslon  and  post-collision  velocities  that  leads  to 
the  extremely  effective  narrowing  in  a  wall  coated, 
bufferless  cell. 

B.  Analysis  of  Notional  Narrowing  In  the  Buffer  Gas 

Case 

Study  of  the  trajectories  of  atoms  In  the  wall 
coated,  bufferless  cell  shows  Chat  there  Is  a  correla¬ 
tion  between  the  post-collision  velocity  of  an  atom 
and  the  Intercollislon  time.  Faster  moving  atoms 
typically  have  shorter  Intercollislon  times.  For  the 


bufferless  cell  Che  trajectory  analysis  Includes  these 
effects.  Any  slnllar  correlation  In  the  buffer  gas 
cell  has  typically  not  been  taken  Into  account  In  the 
standard  Dlcke  calculations.  The  standard  statistical 
analysis  of  motional  narrowing  for  a  particle  sur¬ 
rounded  by  a  buffer  gas  assumes  that  the  post- 
collision  velocities  and  InCercolllslon  times  are 
completely  Independent.  While  this  Is  a  fairly  good 
assumption  It  Is  not  rigorously  correct.  Some  cor¬ 
relation  exists  even  In  the  buffer  gas  case  albeit  not 
nearly  as  strong  as  found  In  the  wall  coated  cell. 
Clearly  the  velocity  of  the  radiating  atom  will  affect 
to  some  extent  the  intercolllslon  time. 


Typically,  Intercolllslon  times  are  assumed  to 
obey  the  simple  Poisson  distribution  with  the  most 
probable  Intercolllslon  time  the  Inverse  of  the 

average  collision  frequency.  This  most  probable 

Intercolllslon  time  does  not  depend  on  the  precise 
speed  of  the  radiating  atom  after  each  collision.  In 
reality  the  most  probable  Intercolllslon  time,  T  ,  Is 
a  function  of  the  speed  of  the  radiating  atom.  ^  The 
relation  between  the  most  probable  collision  time  of  a 
radiating  atom  with  a  precise  speed,  S,  surrounded  by 
a  buffer  gas  of  mass  m,  at  temperature  T  and  with  a 
number  density  N  Is  given  by 

-  .-1  2  ,  -1/2  ,  1/2  -1  ,  1/2  , 

(t  )  -  N  Tra  (vB)  ($  S)  (B  S)  (7) 

P 

with 
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X  e  *  +  (2x^+1) 
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calculation  wltnln  the  standard  Dlcke  regime.  The 
calculated  llneshape  Is  Lorentzlan  with  a  llnewldth  of 
approximately  220  Hz.  Since  the  llnewldth  Is  well 
above  that  specified  by  the  atom's  radiative  lifetime 
there  Is  no  need  to  Increase  the  radiative  lifetime 
employed  In  the  calculation. 

The  buffer  gas  calculation  was  repeated  but 
Instead  of  the  velocity  dependent  Intercolllslon  times 
based  on  Eqs.  7  through  9,  speed  Independent  Inter- 
colllsions  times  were  used.  These  Intercolllslon 
times  were  chosen  randomly  from  a  Poisson  distribution 
wh^se  most  probable  collision  time,  t*  ,  was  given 
by^°  P 


with 


(t’.  ) 


o^N 


2  k  T.1/2 

*  ) 
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and  M  the  H-Kr  reduced  mass.  This  calculation  also 
resulted  In  a  Lorentzlan  llneshape.  However  the 
llnewldth  was  found  to  be  nearly  370  Hz.  The  Inclu¬ 
sion  of  the  correlation  effects  is  seen  to  yield  a 
llnewldth  reduced  by  AOX  from  the  uncorrelated  line- 
width.  We  find  that  even  In  Che  buffer  gas  case  the 
effects  of  the  correlation  between  Intercolllslon 
times  and  post-collision  velocities  must  be  taken  Into 
account. 


C.  Applications  of  the  Trajectory  Formalism 


and  k  Is  the  Boltzmann  constant. 

To  analyze  the  effects  of  correlation  In  the 
buffer  gas  case,  x(c),  as  specified  In  Eq.  5,  Is 
generated.  After  each  collision  a  random  speed  S(l) 
Is  generated  by  caking  the  magnitude  of  a  velocity 
vector  whose  three  components  were  randomly  selected 
from  Independent  Maxwell-Boltzmann  velocity  dlstrlbu- 
tlpns.  V  (1)  generates  the  Doppler  shift  after  the 
1^  collls’^on.  The  Intercolllslon  times  are  chosen  In 
the  following  manner.  Given  the  post-collision  speed 
a  most  probable  Intercolllslon  time,  t  (1),  Is  calcu¬ 
lated  using  Eqs.  7-9.  This  time  is  Aen  used  as  the 
most  probable  Intercolllslon  time,  for  Che  Poisson 
distribution  from  which  a  particular  intercolllslon 
time,  T(i),  Is  chosen.  Since  the  post-collision  speed 
changes  after  each  collision,  the  most  probable  Inter¬ 
colllslon  time,  a  function  of  that  speed,  also  changes 
after  each  collision.  Consequently  after  each  colli¬ 
sion  the  Intercolllslon  time  T(l),  is  chosen  from  a 
different  Poisson  distribution.  In  this  way  the  mild 
correlation  between  Intercolllslon  times  and  post- 
collisions  speeds  found  even  In  the  buffer  gas  case  Is 
rigorously  taken  Into  account.  Once  the  post- 
collision  speeds,  velocities  and  the  Intercolllslon 
times  are  specified,  x(t)  is  defined  and  may  be 
Fourier  analyzed  as  was  done  for  Che  bufferless,  wall 
coated  cell  to  yield  the  llneshape. 

The  calculation  was  performed  for  a  system  In 
which  the  correlation  should  be  enhanced.  Hydrogen 
was  chosen  as  the  emitting  species  with  a  hyperflne 
frequency  of  1.42  GHz,  while  Kr  was  used  as  Che  buffer 
species.  Due  to  Its  large  mass  compared  to  H  the  Kr 
buffer  atoms  appear  almost  motionless  to  the  rapidly 
moving  H  atoms.  A  system  temperature  of  25*C  was  used 
and  the  radiative  lifetime  of  Che  H  atom  was  taken  to 
be  0.025  a.  The  ratio  of  the  mean  free  path  to  Che 
emitted  wavelength  was  set  at  0.01  placing  Che 


The  trajectory  formalism  developed  In  Section  A 
has  been  found  to  accurately  and  quantitatively 
describe  the  narrowing  processes  occurring  in  a  wall 
coated  cell.  In  this  section,  the  technique  Is 
applied  to  analyze  two  different  aspects  of  wall 
coated  cell  performance.  First,  It  is  known  that  the 
fraction  of  the  transition  llneshape  found  In  the 
narrowed  spike  compared  to  that  In  the  broad  pedestal 
depends  on  the  cell  radius.  This  dependence  has  been 
Investigated  for  Rb  and  Cs  In  wall  coated  cells.  As  a 
second  application  the  ability  of  particles  within 
coated  cells  to  average  Inhomogeneous  magnetic  fields 
has  also  been  studied. 

In  the  one  dimensional  box  the  criteria  ensuring 
that  the  major  portion  of  the  transition  llneshape  be 
located  In  the  central  spike  Is  that  the  box  length  be 
less  than  one-half  the  transition  wavelength.  For  Rb 
this  corresponds  to  a  box  length  of  less  than 
2.2  cm.  For  a  spherical  cell,  though,  this  Is  a 
somewhat  ambiguous  criteria  as  all  trajectory  lengths 
less  than  or  equal  to  the  cell  diameter  are  possi¬ 
ble.  In  fact,  Robinson  and  Johnson‘°  have  demon¬ 
strated,  for  Rb,  a  high  relative  spike  Intensity  In  a 
cell  whose  diameter  Is  approximately  7.3  cm. 

Analysis  of  the  effects  of  cell  radii  on  the 
transition  llneshape  follows  directly  from  Section 
A.  The  cell  diameter,  a  simple  calculation  parameter. 
Is  varied  and  the  resulting  llneshapes  may  be 
analyzed.  For  Rb  atoms,  with  coherence  lifetimes  of 
approximately  0.1  s,  we  find  that  If  the  cell  dlaswter 
Is  less  than  4.4  cm,  the  pedestal  Intensity  Is  Insig¬ 
nificant,  with  Its  amplitude  less  than  tX  of  the  spike 
amplitude.  As  the  cell  diameter  Increases,  the  rela¬ 
tive  size  of  the  pedestal  Increases.  The  spike  has 
virtually  disappeared  for  cell  radii  greater  than 
7.6  cm.  The  rate  of  pedestal  growth  Is  largest  as  the 
diameter  comes  within  a  few  millimeters  of  7.6  cm. 
For  Cs  with  a  half  wavelength  equal  to  1.6  cm, 
diameters  smaller  than  approximately  3.2  cm  reduce  the 
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pedestal  amplitude  to  less  than  1%  of  the  spike  ampli¬ 
tude.  The  central  spike  is  found  to  disappear  for 
diameters  greater  than  approximately  5.6  cm.  Our 
results  indicate  that  in  spherical  cells  the  spike  to 
pedestal  amplitude  ratio  is  optimized  when  the  cell 
diameter  is  less  than  the  transition  wavelength.  This 
is  somewhat  less  restrictive  than  the  X/2  criteria  of 
the  one  dimensional  box. 

A  second  area  where  trajectory  techniques  may  be 
employed  to  analyze  performance  of  wall  coated  cells 
Involves  the  ability  of  particles  within  these  cells 
to  avej^age  Inhomogeneities ^^hroughout  the  cell.  White 
et  al.  and  Rlsely  et  al.  have  demonstrated  experi¬ 
mentally  that  Indeed  the  motion  of  the  atoms  in  the 
wall  coated  cells  can  average  inhomogeneities  result¬ 
ing  from  effects  such  as  magnetic  fields,  optical 
pumping  intensity,  and  microwave  power  distribu¬ 
tions.  In  the  present  studies  we  consider  the  effects 
of  an  Inhomogeneous  magnetic  field  across  a  spherical 
cell  on  the  llneshape  of  the  Rb  0-0  hyperflne  transi¬ 
tion.  The  field  is  assumed  to  vary  linearly  across 
the  cell  yielding  a  position  dependent  atomic 
resonance.  For  the  0-0  transition,  the  resonance 
frequency  depends  quadratlcally  upon  the  applied  field 
with  the  change  in  resonance  frequency,  Av,  given  by, 

Au  =  575  (Hz/G^)  B^(Gauss).  (12) 

To  perform  the  calculation  Eq.  (2)  is  modified  to 
Include  a  magnetic  field  dependent  term.  The  position 
dependent  resonance  frequency  is  converted  to  a  tem¬ 
porally  varying  frequency  using  the  speed  and  trajec¬ 
tory  of  the  particle  between  collisions.  The  results 
of  a  sample  calculation  are  shown  in  Fig.  5.  The 
magnetic  field  varies  linearly  across  cell  from  0  to 
0.296  G  corresponding  to  a  resonance  frequency  varia¬ 
tion  of  50  Hz  across  the  5  cm  diameter  cell.  The 
lower  curve  shows  the  hyperfine  llneshape  resulting  if 
the  atoms  were  held  "frozen"  in  place  by  a  buffer 
gas.  A  broad  non-lorentzion  llneshape  is  observed. 
The  upper  portion  of  Fig.  5  is  the  result  of  the 
trajectory  calculation.  The  resonance  has  been 
shifted  due  to  the  magnetic  field  but  is  llneshape 
remains  homogeneous.  The  llnewldth  is  still  specified 
by  the  coherence  time,  in  this  case  0.5  s.  These 
results  are  consistent  with  expectations  based  on  the 
NMR  Mtional  narrowing  analyses  of  Anderson'^*  and 
Kubo.  The  trajectory  analysis  provides  a  quantatlve 
method  of  calculating  transition  llneshapes  in  the 
presence  of  a  variety  of  Inhomogeneltles. 

111.  SUMMARY 

It  has  been  shown  that  a  single  formalism  can  be 
used  to  describe  colllslonally  Induced  motional 
narrowing,  Dlcke-narrowing.  The  extreme  narrowing 
observed  in  the  wall  coated,  bufferless  cell  is  seen 
to  result  from  the  high  probability  that  the  pre- 
collision  and  post-collision  velocities  will  be  of 
opposite  sign  resulting  in  a  cancellation  of  Doppler 
shifts.  For  atoms  confined  in  a  buffer  gas  the  effect 
of  the  mild  correlation  between  the  post-collision 
velocities  and  Intercolllsion  times  have  been 
analyzed.  Finally,  the  computational  power  of  the 
trajectory  method  has  been  demonstrated.  This 
approach  proved  to  be  quite  efficient  in  analyzing  the 
effects  of  cell  size  and  magnetic  field  inhomogenel¬ 
tles  on  hyperfine  llneshape. 
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Figure  1.  (a)  Typical  alkali  ground  state  hyperflne 
transition  llneshape  In  the  presence  of  a 
few  Torr  of  buffer  gas.  (b)  Full  Doppler 
profile  of  the  alkali  ground  state  hyperflne 
transition,  observed  in  the  absence  of 
buffer  gas. 
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Figure  3.  Hyperflne  transition  lineshapg^  resulting 
from  trajectory  analysis  of  a  'kb  atom  In 
a  wall  coated,  bufferless  cell.  The  cell 
radius  la  3.63  cm  and  the  temperature  Is 
23'“C. 


87 

Figure  2.  Llnewldth  of  Rb  ground  state  hyperflne 
transition  as  a  function  of  the  ratio  of  a, 
the  atom's  mean  free  path,  to  X,  the  transi¬ 
tion  wavelength.  Llnewidths  were  calculated 
according  Co  Ref.  2.  The  dashed  line  repre¬ 
sents  Che  limit  of  validity  of  Dlcke's 
original  analysis  (see  Ref.  1).  The 
symbol  corresponds  to  Che  esclmace  of  Che 
residual  Doppler  contribution  Co  the 
measured  llnewldth  In  Ref.  (12). 
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Figure  4.  (a)  Hyperflne  llneshape  for  a  Rb  atom  In  a 
0.363  cm  radius  wall  coated,  bufferless  cell 
obtained  from  the  trajectory.. calculation. 
The  llnewldth  Is  10  Hz.  (b)  ’’'Rb  hyperflne 
llneshape  after  relationship  between  pre- 
colllslon  velocities  and  post-collision  vel¬ 
ocities,  found  In  Che  wall  coated,  buffer¬ 
less  cell,  has  been  Ignored.  The  llnewldth 
la  approximately  1400  Hz. 
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Figure  5.  (a)  Hyperflne  llneshape  for  a  Rb  atom  in  a 
3  cm  diameter  cell  In  presence  of  an  Inhomo¬ 
geneous  magnetic  field  varying  linearly  Jtom 
0.0  G  to  0.296  G  across  the  cell,  (b)  'Rb 
hyperflne  llneshape  assuming  atoms  are 
frozen  In  place  In  the  same  Inhomogeneous 
magnetic  field. 
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Summary 


Theoretical  Approach 


This  paper  presents  a  theoretical  evaluation  of  the 
performance  of  passive  Rb  frequency  standard  operated 
under  various  modes  of  microwave  excitation  such  as 
TE Q ^ ^ ,  TE ^ ^ ^  or  TK^g^.  Assuming  that  the  pumping  light 
Is  generated  by  an  electrodeless  lamp  and  taking  Into 
account  the  Inhomogenelty  of  the  atomic  system  the 
spatial  distribution  of  the  light  transmitted  through 
the  absorption  cell  Is  found.  The  resonance  curve, 
given  by  the  Integral  of  the  light  Intensity  over  the 
photodetector  surface  as  function  of  microwave  excita¬ 
tion  frequency.  Is  then  calculated.  It  Is  shown  that 
the  resonance  curve  pattern  depends  not  only  on  the 
light  intensity  and  the  microwave  power  when  the  atomic 
system  parameters  are  held  constant  but  also  on  the 
area  and  the  location  of  the  photodetector. 

The  ultimate  short  term  frequency  stability  of  a 
passive  rubidium  frequency  standard  Is  evaluated 
through  Its  white  frequency  noise.  This  noise  contri¬ 
bution  can  be  estimated  from  the  resonance  curve  and 
Che  system  parameters.  It  is  presented  as  function  of 
light  Intensity  and  microwave  power  for  various  photo- 
detectors  and  for  the  three  modes  of  microwave  excita¬ 
tion  considered.  These  curves  show  that  optimization 
of  the  short  term  frequency  stability  could  be  achieved 
and  give  insight  toward  Its  realization. 

Introduction 


Many  recent  works  have  been  devoted  to  passive  rubi¬ 
dium  frequency  standard  development.  The  long  term 
frequency  stability  has  been  improved  (adjustment  of 
the  filter  cell  temperature  for  zero  light  shift,  com¬ 
pensation  of  temperature  coefficients  between  the  fil¬ 
ter  and  the  absorption  cell,  etc...)(for  example,  see 
Riley^)  and  much  efforts  have  been  made  in  order  to 
reduce  its  volume^’ The  object  of  the  present 
work  is  the  evaluation  and  the  comparison  of  the  short 
terra  frequency  stability  of  this  standard  for  various 
approaches. 

The  spatial  distribution  of  the  light  transmitted 
through  the  absorption  cell  for  different  operating 
conditions  and  the  resonance  curves  are  first  calcula¬ 
ted.  Then  the  short  terra  frequency  stability  is  evalu¬ 
ated.  We  show  that  the  perforraance  of  the  standard 
depends  on  the  Incident  light  intensity,  the  injected 
power,  the  geometry  of  the  photodetector  and  the  cavity 
mode  CTEqi^,  "^111  and  TE^g^). 


Since  the  pumping  light  intensity  vary  through  the 
cavity  and  the  axial  microwave  magnetic  field  is  not 
uniform,  the  atomic  system  has  an  Inhomogeneous ly  broa¬ 
dened  line.  The  optical  transitions  involved  in  the 
optical  pumping  process  are  the  A-  and  B-components  of 
the  and  D2  lines  of  ®^Rb  (see  Fig.  2). 


We  evaluate  the  transmitted  light  intensity  through 
the  use  of  the  density  matrix  formalism®.  The  usual 
hypothesis  are  made®.  In  order  to  find  this  light 
intensity,  we  must  first  evaluate  the  time  evolution  of 
the  local  density  matrix  elements  taking  into  account 
the  relaxation  processes,  the  optical  pumping  and  the 
stimulated  emission  by  the  microwave  magnetic  field. 
The  second  step  is  to  consider  the  only  five  indepen¬ 
dent  variables  which  are  the  real  and  imaginary  parts 
of  the  amplitude  of  the  coherence  between  the  first- 
order  field  independent  sublevels,  5j.(r)  and  5j(r),  the 
population  difference  between  these  two  sublevels, 

A(r),  the  population  of  the  upper  first-order  field 
Independent  sublevel,  P33(r),  and  the  total  population 
of  the  lower  hyperfine  level,  n(r).  The  following 
equations  show  the  time  evolution  of  these  five  varia¬ 
bles®: 

+  I  rBCr)  + 

-  [mj(?)  -  m]6^(r).  (1) 

Si(r)  "  -  [y  yr)  +  -  rg(r)  + 

■t-  [^^(r)  -  cu]5^(r)  -  S(r)A(r),  (2) 

i(r)  -  -  [r^(r)  +  yi]a(r)  +  [r^(r)  -  rg(r)  ]p33(r) 

+  43(r)5^(r),  (3) 

P33(^>  “  “  +  7i][p33(r)  -  |], 

8  2B(r)«^(r)  (4) 

and 

n(r)  -  -  [|  r^(r)  +  |  TgCr)  +  Yi]n(r) 


A  schematic  diagram  of  the  optical  package  of  a 
passive  rubidium  frequency  standard  Is  shown  on  Fig.  1. 
The  absorption  cell,  containing  ®^Rb  and  a  buffer  gas. 
Is  placed  In  a  microwave  cavity  which  Is  excited  by  the 
Interrogation  signal.  A  photodetector  is  located  at 
the  end  of  the  microwave  cavity  to  detect  the  transmit¬ 
ted  light  Intensity  and  to  generate  the  resonance  si¬ 
gnal.  Optical  pumping  is  done  with  the  light  from  an 
electrodeless  lamp  containing  ®^Rb  filtered  by  an  hy¬ 
perfine  filter,  containing  ®%b. 


*  Part  of  this  work  has  been  submitted  for  publication 
In  the  Canadian  Journal  of  Physics 
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Til  “  2noB(r)6i(r).  (5) 

They  are  expressed  in  terras  of  the  local  optical  pump¬ 
ing  rates,  r,(r)  and  rg(r),  the  relaxation  rates,  Yj 
and  Y2>  the  ^ocal  resonant  angular  frequency  of  the 
atoms,  Uj(?),  the  angular  frequency  of  the  microwave 
excitation,  u,  the  local  reduced  oagnetic  induction, 
B(f),  and  the  number  of  ®^Rb  atoms  per  unit  volume, 
n^.  Steady-state  solutions  of  these  equations  allow 
us  to  find  the  local  density  of  atoms  that  can  absorb 
the  A-components  of  the  pumping  light,  n(?);  we  obtain 
the  following  expression: 
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D(r) 


A-  Spatial  Distribution  of  the  Tranmltted  Light  Inten¬ 
sity  at  the  End  of  the  Cavity 

We  will  now  calculate  the  transmitted  light  Intensi¬ 
ty  through  each  system  when  operated  at  a  nominal  tem¬ 
perature  of  65  °C  and  when  the  Intensity  of  the  B-coa- 
ponents  Is  half  the  Intensity  of  the  A-components.  The 
other  parameters  are  given  In  Table  1. 


(6) 

where 

D(r)  =  fr^(r)  +  Yi][rg(r)  +  Yj[5yr)  +  IF^Cr) 

+  [u)^(0-ui]^}  +  482(r)[j  yr)  +j  ^r) 

+  +  5yr")rg(;)  +  rg2(;) 

+  9Yjr^(r)  +  lYiTgCr)  +  8yi^]. 

The  transmitted  light  Intensity  Is  calculated  by 
means  of  the  absorption  of  the  light  at  a  given  fre¬ 
quency  when  It  pass  through  an  Infinitesimal  slice.  By 
Integrating  over  all  frequencies  and  over  the  length 
covered  by  the  light,  we  get  this  equation; 

z 

I(r)  -  I(r^)  -  /  (r^(r')n(r') 
o 

-  rB(^)[ng-n(r')]}dz'.  (7) 

I(r)  Is  given  by  the  Incident  light  Intensity  minus  the 
absorption  of  the  A-  and  B-components  of  the  and  D2 
lines.  This  absorption  Is  proportional  to  the  optical 
pumping  rates  due  to  the  associated  components,  which 
are; 

FaC^)  -  r^,,(r)  +  r^^Cr")  and  r^(r*)  -  r^^Cr*)  +  r^^Cr"), 

(8) 

times  the  number  of  ®^Rb  atoms  per  unit  volume  which 
can  absorb  these  components. 

The  previous  equations  show  that  the  transmitted 
light  Intensity  at  the  end  of  the  cavity  depends  on  the 
spatial  distribution  of  the  magnetic  field.  In  order 
to  calculate  the  transmitted  light  Intensity,  we  must 
evaluate  the  optical  pumping  rates  and  the  reduced 
magnetic  Induction,  this  Is  done  In  Ref.  6. 

Numerical  Calculations 

Fig.  3  shows  the  three  microwave  cavities  considered 
In  the  mimerlcal  calculations.  They  are  two  cylindri¬ 
cal  cavities  operated  respectively  In  mode  TEg^j^  and 
TE^^j8  aug  one  rectangular  cavity  operated  In  mode 
TEig^'*.  The  case  of  the  rectangular  cavity  Is  slightly 
different  since  a  dielectric  slab  Is  Inserted  along  one 
of  Its  side  In  order  to  decrease  the  dimensions  and  to 
almost  eliminate  the  variation  of  the  stimulating  field 
along  the  X-axls.  The  particular  case  considered  was 
described  In  Ref.  4.  This  figure  shows  the  relative 
size  of  each  cavity  and  the  direction  of  the  magnetic 
field  Is  Indicated  by  the  arrows.  From  these  distribu¬ 
tions,  we  see  the  points  where  the  axial  magnetic  field 
vanishes.  They  are  located  where  the  magnetic  field  is 
parallel  to  the  end  faces  of  the  cavities. 


Table  1 

Difference  between  the  resonant  fre¬ 
quency  of  the  corresponding  lines  In 
the  emission  and  absorption  spectra, 

'’el  -  '’al 

0 

Ratio  of  the  optical  llnewldths, 

AVat/Av^i 

0,5 

Absorption  cross-section  (maximum 
value  of), 

2  X  10“  15  0,2 

Resonance  frequency  of  the  atoms 
without  pumping  light 

6,835  GHz 

Number  of  rubidium  87  atoms  per  unit 
volume,  n^  (at  65  °C)  4 

,4  X  10  ^2  at/m^ 

Population  relaxation  rate  without 
light,  Yi 

280  s“l 

Coherence  relaxation  rate  without 
light,  Y2 

230  s“3 

Quantum  efficiency  of  the  photodetec- 

1 

Relative  precision  used  in  the  numeri¬ 
cal  calculations 

0,001 

Cylindrical  cavity  operated  in  mode 
3^011 

*lm 

3,8317 

cavity  quality  factor, 

15  000 

#  of  subdivisions,  r,4>,z 

16,1,18 

Cylindrical  cavity  operated  in  mode 

’'to 

1,8412 

cavity  quality  factor, 

1  000 

#  of  subdivisions,  r,^,z 

4,16,8 

Rectangular  cavity  operated  In  mode 
TEt0l(*> 

relative  permittivity  of  the 
dielectric,  Cj 

6 

cavity  quality  factor, 

100 

#  of  subdivisions,  x,y,z  (for 
X,  It  Is  from  0  to  a') 

2,1,8 

Fig.  4  shows  the  spatial  distribution  of  the  light 
Intensity  along  the  radial  position  for  some  values  of 
the  Injected  microwave  power  In  a  cavity  operated  In 
the  TEgi^  mode.  The  absorption  Is  maximum  at  the  cen¬ 
ter  of  the  cavity  and  a  weak  power  Is  needed  to  satura¬ 
te  this  part  of  the  atomic  system.  The  transmitted 
light  Intensity  does  not  change  with  power  for  posi¬ 
tions  where  the  stimulating  field  vanishes.  The  trans¬ 
mitted  light  Intensity  Is  then  a  function  of  the  radial 
position  and  Is  minimum  where  the  stimulating  field  Is 
maximum. 
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The  same  kind  of  curves,  but  for  a  cylindrical  cavi¬ 
ty  operated  In  the  TE ^ ^ ^  mode,  is  given  on  Fig.  5.  The 
absorption  is  Independent  of  the  Injected  power  at  the 
center  of  the  cavity  but  increases  and  becomes  maximum 
close  to  the  walls.  For  this  excitation  mode,  both  the 
field  magnitude  and  the  transmitted  light  intensity 
depend  on  the  azimuthal  angle  because  the  axial  magne¬ 
tic  field  vanishes  for  azimuthal  angles  of  t  90°,  then 
the  transmitted  light  Intensity  is  power  independent 
for  these  angles. 

The  curves  Illustrated  on  Fig.  6  give  the  spatial 
distribution  of  the  transmitted  light  intensity  along 
the  X-axis  for  some  values  of  the  injected  power  in  a 
rectangular  cavity  operated  in  the  TE^q^  mode.  Since 
the  stimulating  magnetic  field  is  almost  uniform  on  a 
cross-section  of  the  cavity,  the  transmitted  light 
intensity  has  only  small  variations  along  the  X-axis, 
as  shown  on  this  figure,  and  no  variations  along  the  Y- 
axis. 


The  resonance  curves  allow  us  to  evaluate  the  expected 
short  term  frequency  stability. 

C-  Short  Term  Frequency  Stability 


We  use  the  power  spectral  density  of  the  relative 
frequency  fluctuations  to  characterize  the  short  term 
frequency  stability  of  the  passive  rubidium  frequency 
standard^.  Its  ultimate  short  term  frequency  stability 
is  depicted  by  a  white  frequency  noise  type  of  fluctua¬ 
tions  and  is  expressed  by  the  following  equation 


4ei(u)  ) 

S  (f)  »  h  =  - 2 - , 

^  °  (u)  /2ii)2  m^(u  ) 


(9) 


where  m(iiJ^)  is  the  slope  of  the  discriminator  pattern 
at  resonance  which  is  function  of  the  shape  of  the 
resonance  line,  the  type  of  modulation.  Its  amplitude 
and  its  frequency'-^. 


The  spatial  distribution  of  the  transmitted  light 
Intensity  is  closely  related  to  the  distribution  of  the 
stimulating  magnetic  field  because  the  ®^Rb  atoms  are 
relatively  fixed  in  the  buffer  gas. 

B-  Calculated  Resonance  Curves 


The  resonance  signal  is  generated  as  the  Integral 
over  the  photodetector  surface  of  the  transmitted  light 
intensity  through  the  cell.  Since  the  spatial  distri¬ 
bution  of  the  transmitted  light  Intensity  Is  not  uni¬ 
form,  we  have  to  consider  various  photodetector  shapes. 
These  are  Illustrated  on  Fig.  7.  For  the  TEg^^  mode, 
we  consider  two  shapes  of  photodetector,  one  which 
covers  one  quarter  of  the  cavity  area  at  its  center  and 
the  other  which  covers  all  the  surface.  In  the  case  of 
the  TE^^[  mode,  the  same  shapes  as  for  the  precedent 
mode  are  used  plc’  a  special  one,  made  in  order  to 
exclude  the  areas  where  the  stimulating  field  vanishes. 
For  the  TE^gj  mode,  only  the  photodetector  covering  all 
the  free  surface  is  considered. 

The  resonance  curve  is  obtained  by  plotting  the 
current  delivered  by  the  photodetector  against  the 
frequency  of  the  stimulating  field.  Fig.  8  shows  a 
typical  resonance  curve.  We  define  practical  parame¬ 
ters  related  to  this  curve:  ui^,  the  resonant  angular 
frequency,  1^,  the  llnedepth  and  W,  the  fullwidth  at 
half  maximum  depth. 

Resonance  curves  have  been  calculated  for  each  cavi¬ 
ty  modes  and  photodetector  shapes,  but  we  will  present 
only  a  few  related  to  the  TEjjj  mode  of  excitation. 


We  consider  the  particular  case  where  we  have  a  slow 
slnewave  frequency  modulation  with  an  optimum  frequency 
deviation.  To  simplify  the  calculation  of  the  white 
frequency  noise  contribution,  we  assume  a  Lorentzlan 
resonance  curve  with  the  same  llnewldth  and  llnedepth 
chan  the  calculated  resonance  curve.  The  minimum  con¬ 
tribution  of  the  white  frequency  noise  then  becomes: 


h 


om 


21jd 


el(  u)„) . 


(10) 


which  Is  function  of  the  squared  value  of  the  ratio  of 
the  llnewldth  to  the  llnedepth. 


Figs  11a,  b  and  c  show  the  variation  of  the  minimum 
contribution  of  the  white  frequency  noise  as  a  function 
of  the  incident  light  intensity  for  the  various  photo¬ 
detector  shapes  respectively  for  TEg^^,  TEjjj  and  TE^g^ 
cavity  modes.  There  exists  an  optimum  value  for  the 
Incident  light  intensity  which  Is  slightly  dependent  on 
the  photodetector  shapes.  We  see  that  if  the  incident 
light  intensity  is  slightly  lower  than  its  optimum 
value,  the  frequency  stability  is  greatly  reduced. 


Figs  12a,  b  and  c  represent  the  variation  of  the 
minimum  contribution  of  the  white  frequency  noise  as  a 
function  of  Che  injected  power  for  the  various  photo¬ 
detector  shapes  respectively  for  TEgu,  TEm  and  TE^gi 
cavity  modes.  There  is  an  optimum  value  for  the  injec¬ 
ted  power  which  varies  with  the  photodetector  shape. 
Again,  if  an  Injected  microwave  power  different  from 
the  optimum  is  used,  we  see  that  the  frequency  stabili¬ 
ty  is  greatly  reduced. 


Fig.  9  shows  the  variation  of  the  resonance  curves 
with  the  Injected  power  for  the  photodetector  which 
covers  all  the  surface.  Only  half  of  the  resonance 
cuirves  is  presented  since  they  are  symmetrical  around 
the  center  frequency  (we  assumed  coincidence  of  the 
absorption  and  emission  lines  of  the  acoms).  The 
value  of  the  off-resonance  current  is  related  to  the 
area  of  the  photodetector.  These  curves  show  that  both 
llnedepth  and  llnewldth  Increase  with  the  injected 
power,  although  the  llnedepth  reaches  a  saturation 
value. 

The  variation  of  the  resonance  curves  with  the  va¬ 
rious  photodetector  shapes  at  a  given  injected  power  is 
given  In  Fig.  10.  We  see  from  these  calculated  reso¬ 
nance  curves  that  the  relative  llnedepth  and  llnewldth 
depend  on  the  photodetector  shape.  This  result  is 
explained  by  the  variation  of  the  mean  quadratic  value 
of  the  stimulating  field  in  the  volume  over  the  photo¬ 
detector  surface.  These  calculations  show  clearly  that 
a  llnewldth  measurement  through  this  method  is  function 
of  the  shape  and  location  of  the  photodetector  used. 


Conclusions 

This  study  allows  us  to  evaluate  tlie  performance  of 
various  systems  according  to  their  operating  parame¬ 
ters.  We  have  shown  that  there  exists  an  optimum  value 
for  the  short  term  frequency  stability  as  a  function  of 
incident  light  intensity  and  microwave  Injected  power 
and  that  this  frequency  stability  could  be  reduced  by  a 
mlssettlng  of  these  variables.  We  have  also  shown  that 
the  photodetector  surface  must  be  chosen  in  order  to 
exclude  the  areas  where  the  microwave  axial  magnetic 
field  vanishes  and  to  cover  the  remaining  surface. 
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Fig.  1  Schematic  diagram  of  the  optical  package  of  a 
passive  rubidium  frequency  standard. 


Fig.  2  Transitions  involved  in  the  optical  pumping 
process. 
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Fig.  3  Description  of  the  three  microwave  cavities 
considered. 
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Fig,  4  Spatial  distribution  of  the  transmitted  light 
intensity  through  a  cell  filling  a  cylindrical  cavity 
excited  in  the  mode  for  various  Injected  micro- 
wave  powers.  The  normalization  factor,  ,  is  4.5  x 
10 ph/s*m^.  The  total  incident  light  intensity  for 
the  two  A-components  is  set  to  1.2  x  10^®  ph/3*m^. 
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Fig.  6  Spatial  distribution  of  the  transmitted  light 
intensity  through  a  cell  filling  a  cylindrical  cavity 
excited  in  the  mode  for  various  injected  micro- 
wave  powers.  The  normalization  factor,  '' 
10^®  ph/s"m^.  The  total  incident  light  intensity  for 
the  two  A-components  is  set  to  5  x  10 1®  ph/s*m^. 


Fig.  5  Spatial  distribution  of  the  transmitted  light 
intensity  through  a  cell  filling  a  cylindrical  cavity 
excited  in  the  TEjjj  mode  for  various  injected  micro- 
wave  powers  at  41  -  0.  The  normalization  factor, 
is  3.4  X  10*®  ph/3*m^.  The  total  incident  light  inten¬ 
sity  for  the  two  A-components  la  set  to  6  x  10*® 
ph/s  UB 


Fig.  7  Shape  and  location  of  the  photodetectors  con¬ 
sidered  for  each  cavity  mode. 
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Fig.  8  Typical  Lorentzlan  resonance  curve. 


Fig.  10  Resonance  curves  obtained  with  a  cell  filling 
a  rectangular  cavity  excited  in  TE j ^ ^  mode  for  various 
photodetector  shapes  with  an  injected  microwave  power 
of  -  20  dBm.  The  normalization  factor,  1  ,  is  160 
pA  for  the  curves  obtained  with  PCI,  620  pA^for  those 
obtained  with  PCII  and  240  pA  for  those  obtained  with 
PCIII. 
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Fig.  9  Resonance  curves  obtained  with  a  cell  filling 
a  cylindrical  cavity  excited  in  TE j ^  mode  for  various 
microwave  powers  with  photodetector  PCII.  The  normal¬ 
ization  factor,  i^a  ,  is  620  pA.  The  total  incident 
light  intensity  for  tne  two  A-components  is  set  to  6  x 
10  ^  ®  ph/ s  ‘m  ^ . 


Fig.  11a  White  frequency  noise  contribution  as  a  func¬ 
tion  of  the  total  incident  light  intensity  of  the  A- 
components  for  various  photodetector  shapes.  The  cy¬ 
lindrical  cavity  operated  in  TEqjj  mode  is  considered 
with  an  Injected  microwave  power  of  -  40  dBm. 
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Fig.  lib  White  frequency  noise  contribution  as  a  func¬ 
tion  of  the  total  incident  light  intensity  of  the  A- 
components  for  various  photodetector  shapes.  The  cy¬ 
lindrical  cavity  operated  in  mode  is  considered 
with  an  Injected  microwave  power  of  -  30  dBm. 
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Fig.  12a  White  frequency  noise  contribution  as  a  func¬ 
tion  of  the  injected  microwave  power  for  various  photo¬ 
detector  shapes.  The  cylindrical  cavity  operated  in 
TEg^^  mode  is  considered  with  a  total  Incident  light 
intensity  for  the  two  A-components  of  1.2  x  10^® 
ph/s 


Fig.  lie  White  frequency  noise  contribution  as  a  func¬ 
tion  of  the  total  incident  light  intensity  of  the  A- 
components  for  various  photodetector  shapes.  The  rec¬ 
tangular  cavity  containing  a  dielectric  slab  and  opera¬ 
ted  in  TEjgj  mode  la  considered  with  an  Injected  micro- 
wave  power  of  -  20  dBm. 


Fig.  12b  White  frequency  noise  contribution  as  a  func¬ 
tion  of  the  Injected  microwave  power  for  various  photo¬ 
detector  shapes.  The  cylindrical  cavity  operated  in 
^^lll  1b  considered  with  a  total  incident  light 
intensity  for  the  two  A-components  of  6  x  10 1®  ph/s«m2. 
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Fig.  i2c  White  frequency  noise  contribution  as  a  func¬ 
tion  of  the  injected  microwave  power  for  various  photo¬ 
detector  shapes.  The  rectangular  cavity  containing  a 
dielectric  slab  and  operated  in  TE|q]^  mode  is  consid¬ 
ered  with  a  total  incident  light  Intensity  for  the  two 
A-components  of  5  x  10^®  ph/s*m^. 
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A  New  Miniaturized  Passive  Hydrogen  Maser 

F.  L.  Walls  and  K.  B.  Persson 
National  Bureau  of  Standards 
Time  and  Frequency  Division 
Boulder,  Colorado  80303 

ABSTRACT 

The  small  passive  hydrogen  maser  design  developed  at 
NBS  has  been  further  refined  ';o  produce  a  much  smaller 
device  with  enhanced  performance.  This  new 
miniaturized  passive  hydrogen  maser  is  rack  mounted, 
measuring  26  1/2  cm  high  exclusive  of  its  external 
power  supply.  The  weight  is  -  30  kg  with  a  steady 
state  power  consumption  of  about  W  at  25°C.  The 
reduction  in  the  size  and  power  has  been  achieved 
primarily  by  major  changes  in  the  beam  optics,  offset 
frequency  synthesizer,  and  hydrogen  supply.  The 
present  size  is  small  enough  to  fit  in  the  NBS 
environmental  chamber  used  to  house  commercial  cesium 
f'-equency  standards. 

Long-term  measurements  against  the  NBS  time  scale 
indicate  that  the  new  miniature  passive  maser  (MPH) 
design  has  a  timekeeping  ability  over  at  least  a  few 
weeks  which  is  better  than  our  entire  ensemble  of  1*1 
commercial  cesium  clocks.  Frequency  measurements  vs 
the  time  scale  (TA  NBS)  over  the  last  50  days  yield  a 
joint  frequency  stability  of  x  10~'^  at  10 

days.  Preliminary  analysis  indicates  that  the 
ce.sium  ensemble  is  the  major  contributor  to  this 
value.  Extrapolation  of  the  1  day  frequency  stability 
.acts  a  lower  limit  of  1.5  x  lO”'^  at  10  days  for  maser 
MPii  lU  at  its  present  flux  level.  Using  a  linear 
least  squared  fit  to  frequency  drift  between  MPH  lU 
and  the  ce.sijm  ensemble  yields  a  value  of  2  ±  5  x 
!0"'^/day  averaged  over  50  days.  The  net  result  is 
that  this  new  generation  of  miniature  hydrogen  clocks 
can  keep  time  to  a  few  nanoseconds  per  week. 

1‘rROOUCTION 

For  many  years  precision  timekeeping  has  relied  nearly 
exclusively  on  commercially  available  cesium  beam 
standards  with  a  nominal  fractional  frequency 
stability  of  order  3  x  lO''  at  one  day  and  a 
timekeeping  performance  of  order  20  ns  per  week.  In 
this  paper  we  describe  a  new  generation  of  miniature 
passive  hydrogen  masers  (MPH)  developed  at  NBS,  which 
arc  comparable  In  size,  weight,  and  power  to  the 
commercially  available  cesium  standards.  The  new  MPH 
st.andards,  however,  have  a  frequency  stability  and 
timekeeping  ability  which  is  far  superior  to  any 
presently  available  commercial  cesium  device. 

The  small  hydrogen  maser  design  (SPHM)  previously 
developed  at  NBS  [l-3l  demonstrated  excellent 
frequency  stability,  however  it  wasn't  very  portable. 
Typical  fractional  frequency  stability  was 
2  X  lo”'^  out  to  about  one  week.  Frequency 

drift  V.S  the  NB.S  cesium  ensemble  was  not  significant 
compared  to  the  measurement  noise  of  ±  5  x  10'^®/day. 
The  design  of  thi.a  early  passive  maser  was  nearly  1.5 
m  15  feet)  tall  and  weighed  about  90  kg  (200  pounds). 

The  new  generation  of  miniature  passive  hydrogen  maser 
1  MPH )  j  being  completed  .it  NBS  c'''’ibit.s 

excellent  frequency  .atablllty  and  Is  much,  much, 
.smaller  than  the  SPHM  design.  The  current  MPH  design 
is  26.7  cm  tall,  66  cm  deep,  and  49.5  cm  wide 
1  standard  relay  rack  width)  .  This  rack  mounted 
device  weighs  30  kg  (65  pounds)  exclu.sive  of  lt.s  ac 


power  supply  and  uses  54  watts  of  power  at  25 °C. 

Fractional  frequency  stability  at  one  day  is  about  7  x 
10~'^  and  the  timekeeping  ability  exceeds  4  ns  a  week. 

PASSIVE  HYDROGEN  MASER  BEAM  ADVANCES 

Several  years  ago  NBS  embarked  on  a  program  to  develop 
a  frequency  standard  based  on  the  hydrogen  magnetic 
hyper fine  resonance  shown  In  Figure  1.  The  basic 
technique  for  state  preparation  was  virtually 
unchanged  from  earlier  active  hydrogen  maser  work 
utilizing  hexapole  magnets  [4],  The  length  of  the 
beam  path  from  the  source  to  the  storage  bottle  in  the 
previous  design  was  43  cm  (17  inches),  largely 
dictated  by  the  focusing/defocusing  character Istios  of 
the  hexapole  magnet.  By  going  to  a  quadrupole  magnet 
with  an  inlet  bore  of  0.05  cm  (0.020  Inches),  it  was 
possible  to  reduce  the  beam  length  to  slightly  over  10 
cm.  This  is  due  solely  to  the  large  deflection  angles 
of  the  unwanted  atoms  achieved  with  quadrupole  magnets 
[5].  This  greatly  shortened  beam  optics  then  made  it 
possible  to  make  the  beam  horizontal  and  still  fit  in 
a  standard  rack  mount. 


Measurements  on  the  sensitivity  of  the  output 
frequency  of  the  earlier  SPHM  series  on  applied 
external  magnetic  field  showed  a  quadratic  dependence 
of  order  lx  10  for  +  3  x  10  (+0.3  G)  change. 

The  quadratic  behavior  and  the  fact  that  the  value  was 
much  larger  than  that  expected  from  measurements  on 
the  Zeeman  shifts,  indicated  that  there  was  a 
significant  magnetic  field  inhomogenity  shift 
(Crampton  Effect  [6]).  Both  the  SPHM  and  MPH  series 
use  four  magnetic  shields  separated  by  about  1.2  cm 
with  an  overall  Zeeman  shielding  coefficient  of  about 
200,000  along  the  beam  axis.  With  the  greatly 
shortened  beam  optics  of  the  MPH  series,  it  was 
relatively  easy  to  extend  the  outer  magnetic  cover  in 
order  to  partially  shield  the  discharge  bulb  and  the 
entire  beam  optics  from  changes  in  the  external 
magnetic  field.  Figure  2  shows  the  measured  shifts  in 
output  frequency  of  the  maser  due  to  changes  of  the 
external  magnetic  field.  The  shifts  are  still 
quadratic  in  nature  but  of  much  lower  level, 
indicating  that  further  shielding  in  this  area  would 
probably  help  reduce  this  effect  even  more.  Neverthe¬ 
less,  the  present  performance  of  2  x  10~^^  for 
+  1.5  X  i0'’^T  (±0.15  0)  is  more  than  adequate  for 
operation  in  benign  laboratory  environments. 

The  storage  cavity  for  both  the  older  SPHM  and  the  new 
MPH  series  uses  a  right  circular  cylinder  of  low-loss 
Al^Oj  ceramic  with  a  bore  down  the  central  axis  and  a 
silver  coating  on  the  outside.  The  ends  are  capped 
with  A120t  plates.  The  closed  central  bore  is  coated 
with  FEP  120  teflon*.  Thus,  this  dielectrically 
coated  cavity  serves  as  the  microwave  cavity,  the 
vacuum  chamber,  and  the  storage  volume.  The  Integral 
nature  of  this  design  makes  It  very  rugged.  An 
additional  feature  Is  that  the  AI2OJ  is  a  very  good 
thermal  conductor  thereby  greatly  reducing  temperature 
gradients  along  the  storage  volume.  This  feature  has 
made  it  possible  to  use  only  a  single  oven  for  control 


•Certain  commercial  materials  are  identified  in  this 
paper  in  order  to  adequately  specify  the  experimental 
procedure.  Such  identification  does  not  Imply 
recommendation  or  endorsement  by  the  National  Bureau 
of  Standards,  nor  does  it  Imply  that  the  materials  or 
equipment  identified  are  necessarily  the  best 
available  for  the  purpose. 
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of  the  cavity  frequency  for  applications  with  a  benign 
thermal  environment.  Two  ovens  will  probably  be 
required  for  use  under  field  conditions.  Long  term 
temperature  coefficients  are  less  than  3  x  10"^** /K. 
Additional  analysis  of  this  effect  is  planned  over  the 
next  several  months. 

SERVO  SYSTEMS 

In  the  approach  developed  at  NBS,  both  the  output 
oscillator  and  the  microwave  cavity  are  locked  to  the 
hydrogen  resonance  using  the  scheme  illustrated  in 
Figure  3  [1-3]-  Briefly,  a  local  probe  signal 
ultimately  derived  from  5  MHz  is  phase  modulated  at 
two  frequencies,  f^  and  fj,  and  introduced  into  the 
microwave  cavity  containing  the  state-selected 
hydrogen  atoms.  The  transmitter  signal  is  enve¬ 
lope-detected  and  processed  in  two  synchronous 
detectors,  one  referenced  to  the  modulation  frequency, 
fj^,  and  the  other  to  f,.  f^  corresponds  to  approxi¬ 
mately  the  half -1 inewidth  of  the  microwave  cavity  and 
f2  corresponds  to  the  half-linewidth  of  the  hydrogen 
resonance.  The  output  of  the  f^^  synchronous  detector 
is  used  to  actively  correct  the  microwave  cavity 
frequency  with  a  time  constant  of  about  10  seconds. 

The  output  of  the  fj  synchronous  detector  is  used  to 
steer  the  probe  frequency  to  the  center  of  the 
hydrogen  line  with  a  time  constant  of  several  seconds. 
The  unique  feature  of  the  passive  hydrogen  masers,  as 
compared  to  the  active  hydrogen  masers,  is  the  ability 
to  lock  the  microwave  cavity  frequency  to  the  hydrogen 
resonance  frequency  without  the  need  for  an  external 
high-stability  reference.  Lesage  £t  al^. ,  have 
theoretically  examined  the  expected  characteristics  of 
such  a  system  [7].  Their  results  agree  rather  well 
with  the  experimentally  observed  characteristics. 
Recent  work  by  Peters  in  these  proceedings  show  first 
results  of  a  cavity  switching  servo. 


on  both  the  SPHM  and  the  first  of  the  MPH  masers 
indicate  that  the  drift  is  extremely  small  (less  than 
5  X  10”' “/day)  therefore  changes  in  the  wall  shift  are 
probably  negligible.  Therefore  it  is  expected  that  the 
reproducibility  after  servicing  of  virtually  any 
component,  save  replacing  the  cavity,  will  be  better 
than  3  x  10”^ 3, 

FREQUENCY  STABILITY  AND  TIMEKEEPING  RESULTS 

The  frequency  stability  and  timekeeping  capability  of 
the  first  of  the  new  series  of  miniature  passive 
masers,  MPH  li( ,  has  been  analyzed  over  the  past  50 
days  vs  the  NBS  ensemble  of  cesium  clocks.  Figure  4 
shows  the  measured  fractional  frequency  stability  vs 
TA  NBS.  This  time  scale  is  post  analyzed  monthly  and 
defective  clocks  are  removed.  Three  corner  hat 
analysis  (comparisons  between  three  clocks)  out  to  1 
day  shows  that  a  major  portion  of  the  instability  in 
the  data  is  attributable  to  the  cesium  ensemble.  MPH 
14  is  a  part  of  the  ensemble  and  carries  a  weight  of 
approximately  24$.  The  actual  weight  varies  as  various 
clocks  are  added  or  removed  from  the  ensemble. 

Figure  5  shows  the  timekeeping  perl  \ce  of  MPH  14 
vs  TA  NBS  over  the  past  50  days.  This  data  is 
particularly  remarkable  because  the  power  to  the  maser 
was  off  for  a  short  time  on  MJD  45801  (day  6)  and 
45814  (day  19).  The  time  scale  computer  reset  the 
phase  after  each  power  outage  but  didn't  adjust 
frequency.  MPH  14  recovered  frequency  to  within 
several  parts  in  10^^  after  each  outage.  Figure  6a 
shows  the  timing  between  MPH  14  and  ATI  NBS  over  a  two 
week  period.  For  comparison  the  timing  performance  of 
a  "very  good"  high  performance  commercial  cesium  beam 
standard  over  the  same  time  is  shown  in  Figure  6b.  The 
on-line  time  scale  ATI  is  slightly  smoother  than  TA 
NBS  in  short-term. 


SYSTEMATIC  EFFECTS 


Systematic  effects  which  can  perturb  the  output 
frequency  are  listed  in  Table  1  with  the  expected 
effect  on  stability.  The  temperature  coefficient 
shown  is  an  upper  bound  as  the  thermal  response  hasn't 
been  carefully  analyzed  over  the  long  times  necessary 
to  obtain  a  precision  of  parts  in  lo'“. 


Several  masers  of  the  SPHM  series  which  were  let  up  to 
air  for  servicing  and  repumped,  recovered  frequency  to 
2  X  10”'^  or  better.  Adjustments  on  the  electronics  of 
MPH  14  showed  shifts  of  order  1  x  10”' 3.  The  results 


Based  on  the  above  data,  the  time  dispersion  between 
MPH  14  and  NBS  time  scale  varies  from  0.9  ns  for  a 
prediction  interval  of  one  day,  to  4  ns  at  a 
prediction  interval  of  7  days. 

Most  of  the  time  dispersion  appears  to  be  due  to  the 
noise  in  the  ensemble  of  cesium  standards  comprising 
TA  NBS.  Nevertheless,  we  can  determine  that  the 
performance  of  MPH  14  is  more  than  a  factor  of  3  times 
better  than  the  best  commercially  available  cesium 
standard  for  measurement  times  out  to  at  least  several 
weeks.  (Three  corner  hat  data  suggests  that  MPH  14  is 
5  times  better  than  the  best  commercial  cesium  at  1 
day.) 


'able  1.  Suamary  of  SysteaatLc  Effects  for  the  Miniature  Passive 
Kydrcgen  Maser. 


EFFECT 

OFFSET 

IMSTABItITY 

Sec-jnd -or-ier  Doppler 
Changes 

-«.3  X  iO"' ' 

3  X  lO"'^ 

Cavity  Pulling  and 
Temperature  Coefficient 

S  3  X 

Wa  11  Shift 

-  Z  X  10''  ' 

i  10~'  Vyear 

Spin  F.xohange 

2  X  lO"'  3 

5  X  10''5 

Magnetic  rleld  Changes 

*2  X  ’.0“'^ 

for 

tl.5  X  10'^  T 

(xO.ltCl  10"'^ 

Power  Depen.ience 

10'’^ 

Pha.ee  Modulator  Drive 

10'*^ 

The  data  of  Figure  5  was  analyzed  for  frequency  drift. 
The  computed  drift  of  2  x  10  ^“/day  is  much  less  than 
the  uncertainty  of  ±  5  x  lO"' °  due  to  noise  in  the 
cesium  ensemble. 

CONCLUSION 

It  has  been  experimentally  demonstrated  that  the  MPH 
design  yields  a  relatively  small  clock  quite 
comparable  in  size,  weight,  and  power  to  commercial 
cesium  devices  but  capable  of  much  better  performance. 
The  timekeeping  of  this  new  design  of  passive  hydrogen 
maser  exceeds  4  ns/week  and  may  be  as  good  as 
1.5  ns/week  (measurements  are  limited  by  instabilities 
in  the  cesium  clocks  used  for  the  reference). 

Frequency  drift  la  so  small  as  to  be  hidden  within  the 
noise  of  the  cesium  ensemble  even  when  averaged  over 
50  days. 
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Figure  Captions 


Figure  1.  Upper  portion  shows  the  magnetic  hyperfine 
separation  of  atomic  hydrogen  vs  magnetic  field.  The 
lower  portion  shows  the  traditional  method  of  state 
selection  using  a  hexapole  magnet. 

Figure  2.  Change  in  output  frequency  of  MPH-14  vs 
externally  applied  magnetic  field.  The  broken  lines 
are  only  to  help  guide  the  eye. 

Figure  3.  Block  Diagram  of  the  electronic  servo 
concept  used  in  the  SPHM  and  MPH  passive  masers. 

Figure  4.  Fractional  frequency  stability  0^(1)  of 
MPH-14  vs  TA  NBS  as  a  function  of  measurement  time. 
MPH-14  has  a  weight  of  -  24J  in  TA  NBS.  No  correction 
has  been  applied  due  to  the  self  inclusion  of  the 
clock  in  the  time  scale  or  due  to  possible  frequency 
drift. 

Figure  5.  Time  comparison  of  MPH-14  vs  TA  NBS  over 
50  days  starting  at  MJD  45795.  The  average  frequency 
difference  has  been  subtracted  from  the  raw  data.  No 
correction  has  been  applied  due  to  the  self  inclusion 
of  the  clock  in  the  time  scale  or  due  to  possible 
frequency  drift.  MPH-14  has  a  weight  of  24?  in  TA 
NBS. 


Figure  6a.  Time  comparison  of  MPH-14  vs  ATI  NBS 
starting  at  MJD  45798.  The  average  frequency 
difference  has  been  subtracted  from  the  data.  No 
correction  has  been  applied  to  the  self  inclusion  of 
the  clock  in  time  scale  or  due  to  possible  drift. 
MPH-14  has  a  weight  of  18%  in  ATI  at  the  time  of  this 
data. 

Figure  6b.  Time  dispersion  of  clock  12,  a  high 
performance  commercial  cesium  beam  frequency  standard, 
vs  ATI  NBS  starting  at  MJD  45798.  The  average 
frequency  difference  has  been  subtracted  from  raw 
data.  No  correction  has  been  applied  due  to  t.  .  self 
inclusion  of  the  clock  in  the  time  scale  or  due  to 
possible  frequency  drift.  Clock  12  has  a  weight  of 
23^  in  ATI  at  the  time  of  this  data. 
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Summary 

Design  concepts  and  performance  data  are  given 
for  two  newly  designed  hydrogen  maser  frequency  stand¬ 
ards  which  incorporate  a  novel  cavity  frequency 
switching  servo  system  to  remove  cavity  related  drift. 
Order  of  magnitude  improvement  in  stability,  hydrogen 
economy,  environmental  isolation,  and  other  character¬ 
istics  has  been  obtained. 

Introduction 

Two  new  hydrogen  maser  frequency  standards  incor¬ 
porating  significant  departures  from  conventional 
practice  have  been  designed  and  constructed,  and  their 
performance  is  presently  being  evaluated.  One  of  the 
masers  was  constructed  under  contract  with  the  Applied 
Physics  Laboratory  with  support  from  NASA,  Goddard 
Space  Flight  Center,^  and  the  other  was  funded  by  the 
Naval  Research  Laboratory. ^  The  two  masers  differ  only 
in  the  dimensions  of  the  outer  magnetic  shield  and  the 
size  of  the  vacuum  pumps;  this  was  done  to  experiment¬ 
ally  determine  the  relative  effectiveness  of  the 
shields  and  the  improvement  Co  be  realized  by  the 
additional  space  for  thermal  insulation. 

The  work  reported  in  this  paper  is  largely  an  out¬ 
growth  of  earlier  efforts  to  achieve  a  compact  hydrogen 
maser  under  the  "Light-Weight  Hydrogen  Maser  Program." 
That  work  was  supported  by  the  United  States  Air 
Force,  RADC,  Electronics  Systems  Division?  Some 
further  results  of  experimentation  with  the  "Small 
Hydrogen  Maser"  constructed  in  Chat  program  is  discuss¬ 
ed  herein,  however  the  main  effort  in  this  paper  will 
be  to  present  a  brief  introduction  to  the  design  con¬ 
cepts  and  their  implementation  in  the  new  masers,  and 
to  present  the  experimental  results  obtained  to  date. 

The  new  masers  have  been  operating  for  over  five 
months  at  this  writing.  Preliminary  results  have  been 
obtained  for  the  relative  stability,  thermal  coeffi¬ 
cients,  magnetic  effects  and  other  aspects  of  perfor¬ 
mance.  Long  term  frequency  measurements  have  also 
been  made  with  respect  to  a  high  performance  cesium 
standard . 

The  most  important  aspect  of  the  new  design  is  the 
use  of  a  cavity  frequency  switching  servo  system  to 
remove  cavity  related  drift.  This  is  Che  first  publi¬ 
cation  of  results  using  such  a  servo  with  hydrogen 
masers.^  The  system  is  designed  so  that  the  cavity  is 
continuously  maintained  at  the  spin  exchange  offset 
frequency  without  the  use  of  a  secondary  reference 
oscillator.  Therefore  each  maser  is  a  stand-alone 
standard  essentially  free  of  cavity  pulling  or  hydro¬ 
gen  beam  intensity  perturbations.  While  cavity  fre¬ 
quency  switching  introduces  a  phase  modulation  of  the 
maser  output  signal,  the  effect  is  negated  by  a  com¬ 
pensating  phase  modulation  designed  into  the  maser 
synthesizer  circuit.  This,  and  the  fact  that  the 


modulation  frequency  is  much  higher  than  the  receiver 
phase  lock  loop  bandwidth,  results  in  short  term  sta¬ 
bility  essentially  unaffected  by  servo  operation. 

Overall  Hydrogen  Maser  Design 

Figure  1  illustrates  the  size  and  the  external 
arrangement  of  controls  for  the  two  new  masers.  The 
larger  unit,  the  APL  maser,  is  38  inches  in  height, 

18  inches  wide  and  17.  inches  deep;  it  weighs  approxi¬ 
mately  300  pounds,  not  including  batteries.  The 
smaller  NRL  maser  is  only  32  inches  high,  15  inches 
wide,  19  inches  deep  and  weighs  approximately  250 
pounds.  In  the  figure  the  masers  are  mounted  on  top 
of  a  back-up  auxiliary  battery  pack  which  provides 
15  hours  of  uninterrupted  operation  in  case  of  line 
power  failure.  On  batteries,  the  masers  use  approxi¬ 
mately  65  watts  of  power,  while  in  normal  service  the 
AC  line  power  required  is  less  than  100  watts. 

An  eleven  digit  synthesizer  provides  phase  coher¬ 
ent  settability  of  ±  2.5  parts  in  10^^  and  a  range 
which  is  limited  by  the  range  of  the  maser  receiver 
voltage  controlled  crystal  oscillator  to  2  parts  in  IC  . 

Hydrogen  is  supplied  to  the  maser  source  from  a 
small,  low  pressure,  replenishable  metal  hydride  stor¬ 
age  bottle  containing  2  moles  of  molecular  hydrogen. 

At  the  maximum  use  rate  of  .01  moles  per  year,  replen¬ 
ishment  of  hydrogen  is  not  often  required. 

The  maser  operational  data  is  displayed  on  a 
4  1/2  digit  panel  meter  and  32  multiplexed  channels 
are  selected  by  binary  coded  switches.  A  buffered 
output  voltage  allows  external  monitoring  of  the 
selected  parameter. 

The  physical  arragement  of  cavity,  magnetic 
shields,  vacuum  enclosure,  and  vacuum  pumps  is  illu¬ 
strated  in  Figure  2.  The  maser  has  two  separately 
pumped  regions  in  the  vacuum  system,  each  pumped  by  a 
field  replaceable  Ion  pump.  The  "upper"  pump  main¬ 
tains  the  vacuum  outside  the  maser  bulb  and  inside  the 
outer  vacuum  enclosure  so  as  to  getter  gas  diffusing 
through  0-rings  or  outgassing  from  other  structures. 

A  "lower"  pump  maintains  a  much  lower  background  pres¬ 
sure  in  the  source  and  storage  bulb  region  and  getters 
all  the  hydrogen  entering  the  system.  At  the  present 
observed  pump  currents  the  11  liter  per  second  pumps 
used  on  the  NRL  maser  are  anticipated  to  have  on  the 
order  of  ten  years  of  life  while  the  20  liter  per 
second  pumps  on  the  APL  unit  should  last  over  twice 
as  long.  Ultec  "Differential  Ion  Pumps"  are  used  on 
both  masers. 

The  effectiveness  of  magnetic  shields  is  primarily 
a  function  of  the  shield  material,  the  metal  thickness, 
the  annealing  treatment,  and  the  number  and  spacing  of 
the  shields.  Assuming  equal  success  in  obtaining  the 
best  of  the  first  three  items,  the  only  way  to  improve 
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the  shielding  effectiveness  in  a  maser  is  to  make  th,* 
outer  shield  as  large  as  possible,  the  inner  shield  as 
small  as  possible,  and  to  space  the  intermediate 
shields  properly  to  maximize  the  magnetic  impedance  of 
the  interspaces.  To  minimize  the  size  of  the  inner 
shield  a  smaller  than  usual  cavity  and  bulb  assembly 
is  used,  and  the  first  two  of  four  shields  are  placed 
within  the  vacuum  enclosure.  This  arrangement  pro¬ 
vides  a  factor  of  10  or  more  theoretical  improvement 
over  the  arrangements  traditionally  used  where  all  the 
shields  are  placed  outside  the  vacuum  enclosure  and 
are  necessarily  more  closely  spaced. 

The  spacing  of  the  inner  magnetic  shields  close 
to  the  cavity  also  allows  the  state  selector  and 
source  to  be  placed  relatively  close  to  the  storage 
bulb  entrance.  These  masers  use  tapered  quadrupole 
state  selectors*^  which  have  unusually  large  capture 
solid  angles  for  atoms  emerging  from  the  source  colli¬ 
mator,  and  a  large  fraction  of  the  atoms  in  the  upper 
quantum  states  which  are  "captured"  enter  the  storage 
bulb  collimator.  The  anticipated  improvement  in  hy¬ 
drogen  utilization  has  experimentally  been  confirmed. 
Typical  hvdrogen  pump  currents  under  50  microamperes 
indicate  an  order  of  magnitude  improvement  over  the 
most  efficient  previous  designs. 

.4n  unusual  approach  to  the  maser  cavity  and  bulb 
assembly  construction  is  used  in  the  new  masers;  the 
design  is  illustrated  in  Figure  3.  A  copper  cylinder 
and  copper  end  plates  form  the  cavity  walls.  A  rela¬ 
tively  thick  circular  cylinder  of  quartz  is  held  by 
spring  tension  between  the  end  plates,  and  the  quartz 
atom  storge  bulb  is  secured  to  the  quartz  cylinder 
using  quartz  shims  and  hard  epoxie.  The  quartz  cylin¬ 
der  provides  dielectric  loading  to  reduce  the  outer 
diameter  of  the  cavity,  and  at  the  same  time  provides 
rigid  support  for  the  bulb  and  for  the  cavity  end 
plates.  The  cavity  quality  factor  realized  with  this 
structure  is  suprisingly  high,  and  the  structure  is 
smaller  than  usual  for  an  active  oscillator  maser 
without  electronic  cavity  gain.  The  storage  bulb  in 
the  two  present  designs  is  4.25  inches  in  diameter  and 
^  inches  long  with  a  2.5  mm  wall  thickness,  and  the 
quartz  cylinders  also  have  a  2.5  mm  wall.  The  cavity 
is  12  inches  long  inside,  has  a  diameter  of  only  ^.6 
inches,  and  the  loaded  Q  is  45,000  with  a  coupling 
coefficient  of  .25. 

ft  should  be  mentioned  that  several  laboratory 
experiments  were  performed  with  cavity  and  bulb  assem¬ 
bly  test  structures  to  arrive  at  the  present  design. 

We  have  under  con.^ truct ion  a  third  maser  which  uses  a 
cavity  with  a  6  mm  wall  quartz  cylinder  surrounding 
the  same  size  bulb  and  it  has  a  loaded  Q  of  over 
40,000;  the  cavity  diameter  is  only  8.6  inches.  From 
our  experiments  it  is  clear  that  active  maser  oscilla¬ 
tors  could  be  constructed  with  qreater  loading  and 
smaller  size,  however  the  high  Q  obtained  in  the  pre¬ 
sent  masers  is  verv  desirable  in  order  to  achieve  good 
oscillation  paraTneter.s ,  high  beam  power,  and  adequate 
signal  to  noise  ratio  for  the  cavity  frequency 
swi tching  servo . 

Cavity  Frequency  Switching  Servo  System 

To  describe  all  the  theoretical  ramifications  of 
operation  of  the  hydrogen  maser  under  the  condition  of 
periodically  switched  cavity  frequency  is  well  beyond 
the  scope  of  the  present  paper.  Only  an  adequate  basis 
for  explaining  the  first  order  effects  on  maser  sta¬ 
bility  and  understanding  the  results  of  the  present 
experiments  using  the  new  technique  will  be  presented 
herein.  Figure  4  illustrates  a  maser  cavity  assembly 
with  the  storage  bulb  containing  a  population  of  atoms 


oscillating  at  the  hydrogen  frequency.  Coupling  of 
energy  from  the  ensemble  of  atoms  to  the  output  cou¬ 
pling  loop  is  only  through  the  medium  of  the  cavity 
electromagnetic  field.  If  the  cavity  parameters  are 
held  constant,  the  cavity  field  amplitude  and  the  cou¬ 
pled  output  power  level  follow  the  amplitude  of  the 
oscillating  atomic  moments.  If,  on  the  other  hand, 
the  cavity  frequency  or  other  parameters  change,  the 
oscillating  magnetic  moment  of  the  ensemble  of  atoms 
will  change,  but  only  slowly,  with  a  time  constant  of 
approximately  .4  seconds  in  the  present  case.  However, 
the  amplitude  of  the  cavity  fields,  as  well  as  the 
phase  relation  between  atoms  and  coupling  loop,  will 
change  rapidly.  The  time  constant  for  the  cavity  field 
to  come  to  a  new  equilibrium  level  is  only  about 
10  microseconds . 

Thus,  if  the  cavity  re.sonance  frequency  is  switch¬ 
ed  rapidly  between  two  different  frequencies,  the  phase 
and  amplitude  of  the  oscillating  atoms  will  remain  es¬ 
sentially  constant  at  a  certain  long  term  equilibrium 
level,  but  there  will,  in  general,  be  an  amplitude  and 
phase  modulation  of  the  signal  coupled  out  of  the  cav¬ 
ity.  The  ensemble  of  atoms  in  the  bulb  may  be  thought 
of  as  a  current  generator  of  constant  amplitude  and 
phase  coupled  through  a  resonant  circuit,  the  cavity, 
to  the  output  coupling  loop. 

A  good  analogy  for  first  order  analysis  of  the 
cavity  response  is  shown  in  Figure  5.  The  abscissa  for 
the  resonance  curve  is  the  ratio  of  frequency  differ¬ 
ence  from  the  cavity  resonance  frequency,  (f-fr),  to 
the  cavity  bandwidth,  few.  The  equations  given  in  the 
figure  are  the  basis  for  calculation  of  the  maser  out¬ 
put  voltage  difference  when  the  cavity  resonance,  fr, 
is  switched  between  different  frequencies  with  the 
maser  frequency  held  constant. 

Figure  6  illustrates  the  condition  discribed 
above.  In  the  present  configuration  of  the  servo  sys¬ 
tem,  a  diode  detector  circuit  detects  the  signal  ampli¬ 
tude,  so  it  is  the  difference  in  voltage  magnitude  at 
the  two  cavity  resonance  frequencies  which  is  obtained. 
The  offset  in  maser  frequency  is  related  to  the  offset 
in  cavity  frequency  by 

( f m  -  fc /  -  (Qc/Qj)(fc  -  fm)  (1) 

where  Qc  is  the  loaded  quality  factor  of  the  cavity, 
and  Q|  is  the  atomic  resonance  line  Q.  Qc/Qj  is  ap¬ 
proximately  2.6  X  10“^  in  the  present  case,  so  for  the 
purpose  of  correcting  the  cavity  frequency  the  maser 
frequency  may  be  considered  a  constant. 

A  block  diagram  of  the  overall  servo  system  is 
shown  in  Figure  7.  The  maser  signal  amplitude  is  de¬ 
tected  at  the  405  KHz  IF  frequency  where  the  bandwidth 
of  the  preceeding  amplifiers  is  wide  enough  not  to 
cause  significant  reactive  amplitude  transients.  A 
modulation  period  generator  produces  a  voltage  square 
wave  to  modulate  the  cavity  frequency  and  provides  a 
signal  to  a  synchronous  detector  circuit  where  an  "UP" 
or  "DOWN"  signal  is  generated  and  sent  to  the  circuit 
which  controls  the  average  cavity  frequency.  Two  meth¬ 
ods  of  controlling  the  average  cavity  frequency  have 
been  sucessfully  used.  In  one  method  the  temperature 
of  the  cavity  is  controlled  through  the  thermal  control 
circuit,  in  the  other  a  voltage  bias  is  used  to  vary 
the  average  voltage  applied  to  the  cavity  varactor. 

The  results  presented  in  this  paper  were  obtained  while 
the  temperature  control  method  was  being  used. 

An  important  feature  of  the  present  designs  is  a 
digital  circuit  in  the  period  generator  by  which  the 
relative  period  duration  of  the  two  cavity  frequencies 
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mav  be  set  with  a  resolution  of  one  part  in  10^. 

Thus,  while  the  servo  circuit  automatically  centers 
the  cavity  to  the  point  where  the  two  resonance  curves 
cross,  the  average  cavity  frequency  actually  seen  by 
the  atoms  mav  be  adjusted  so  that  there  is  no  change 
in  output  frequency  when  the  beam  intensity  is  changed. 
\'Ihen  the  maser  is  first  operated  it  is  compared  in  fre¬ 
quency  with  another  hydrogen  maser,  and  by  the  tech¬ 
nique  of  a  conventional  spin  exchange  tuning  method^ 
the  proper  cavity  average  offset  frequency  is  estab¬ 
lished  and  set  in  the  modulation  period  generator  con¬ 
trol  switches.  Since  the  spin  exchange  offset  is  only 
about  ino  Hz,  a  small  fraction  of  the  modulation, 

(b.S  KHz  in  the  present  case),  which  is  also  only  a 
small  fraction  of  the  maser  frequency,  subsequent 
drift  in  offset  is  not  a  serious  problem. 

Cavity  Servo  Random  Thermal  Noise 

One  of  the  notable  features  of  a  maser  is  the  low 
noise  character  of  the  phase  or  amplitude  when  used  as 
either  a  signal  source  or  as  an  amplifier.  The  pri¬ 
mary  source  of  non-systematic  noise  affecting  the  cav- 
itv  servo  in  the  present  case  is  thermal  “KT"  noise 
coupled  from  the  cavity  along  with  the  maser  signal. 
Letting  N  be  the  noise  factor  of  the  receiver  input 
stage  and  B  the  bandwidth,  the  voltage  noise  to 
signal  ratio  is  given  by 


Vn/Vs  =  /KTNB/2P 


(2) 


where  P  is  Che  signal  power,  K  is  the  Boltzman  con¬ 
stant  and  T  is  the  absolute  temperature.  The  servo 
system  uses  a  synchronous  switched  filter  after  IF  de¬ 
tection  followed  by  a  synchronous  phase  detector  and 
digital  integrator.  The  bandwidth  for  this  system 
is  B  =  1/(2'’t)  where  T  is  the  servo  time  constant. 
Using  the  circuit  given  in  Figure  5  as  a  model  for  the 
cavity  resonance,  the  impedance  is  given  by 


Z  = 


TT~JRTuC~^^T7ijr) 


(3) 


The  cavity  0  is  given  by  Qc  =  R/toL  =  f/fcw 
where  few  is  the  cavitv  width  at  the  half  power  points. 
The  frequency  is  given  by  f  =  '.'/2^  and  the  frequency 
deviation  from  tlic  cavity  average  is  Af  =  f  -  Tr. 

The  following  relation  is  then  obtained  between  the 
average  cavity  offset  frequency  and  the  modulation 
voltage  Vm  =  AV: 


(4) 


Here  Vs  is  the  maser  signal  voltage  output  which  occurs 
when  the  maser  frequency  equals  the  average  cavity  fre¬ 
quency,  and  .A  is  defined  as  (  f .7- f  j )  / few. 

From  equations  (1),  (2),  (3),  and  (4)  and  the 
expression  for  the  servo  bandwidth,  the  maser  frac¬ 
tional  frequency  offset  for  unity  signal  to  noise 
ratio  is  found  to  be 


=  n  *  aM  /ktn 
\f  /  A  /  rPT 


Inserting  typical  values  for  the  new  masers: 


=  l.SB  X  in'l^T-’s 


(5) 


(6) 


From  the  above  result  it  is  clear  that  this  cav¬ 
ity  servo,  as  limited  by  input  thermal  noise,  has  the 
potential  for  reducing  the  effect  of  cavity  pulling  on 
the  hydrogen  maser  frequency  to  extremely  low  levels. 
There  are,  of  course,  several  potential  sources  of 
systematic  error,  offset,  or  noise  in  this  servo 
system-  Inequality  of  the  cavity  Q's  ac  the  two  modu¬ 
lation  frequencies,  pickup  of  coherent  modulation 
noise  in  the  IF  strip,  amplifier  noise  or  drift  in  the 
demodulator  circuit,  offsets  in  the  hydrogen  maser 
frequency  due  to  variable  field  inhomogeniety  effects, 
misalignment  in  the  cavity  bulb  assembly,  and  several 
other  potential  systematic  problems  could  occur  which 
do  not  lend  themselves  to  ready  analysis.  The  real 
test  for  the  presence  of  such  effects  must  therefore 
rely  upon  experiment  and  measurement.  Present  bench 
tests  of  the  cavity  and  bulb  assembly,  test  of  the 
separate  servo  electronics  components,  and  closed  loop 
signal  measurements  and  analysis  indicate  that  there 
are  no  apparent  barriers  to  achieving  the  cavity  re¬ 
lated  stability  level  implied  by  Equation  b. 

Experimental  Results 

A  block  diagram  of  the  frequency  comparison  sys¬ 
tem  is  shown  in  Figure  8.  For  measurement  intervals 
less  than  10,000  seconds,  period  measurements  were 
made  with  a  digital  counter  using  a  one  Hz  frequency 
difference  between  the  masers  at  a  frequency  of 
120  MHz.  This  was  obtained  bv  frequency  multiplica¬ 
tion  of  the  5  MHz  standard  frequency  output  of  each 
maser.  A  one  Hz  bandwidth  was  used,  and  a  one  second 
dead  time  between  period  counts  was  not  corrected  for. 
For  intervals  greater  than  10,000  seconds,  a  multi¬ 
plied  offset  beat  frequency  with  a  period  of  typically 
8  Hours  was  recorded  on  a  10  inch  width  chart  recorder 
at  a  rate  of  1  cm/Hr.  For  cesium  comparisons  a  simi¬ 
lar  system  was  used  but  the  5  MHz  was  only  multiplied 
to  100  MHz.  77?e  actual  oscillation  frequency  of  each 
maser  was  offset  a  small  amount  from  the  other  by 
operating  at  different  magnetic  field  settings,  and 
there  were  no  frequencies  exactly  common  to  either 
maser  system,  or  to  Che  cesium  standard.  Thus  no 
phase  locking  of  standards  was  possible,  nor  have  any 
phase  locking  or  frequency  locking  noise  phenomena 
been  observed. 

One  of  the  best  ways  to  test  the  servo  system  is 
to  observe  the  correction  rate  and  time  constant  for 
return  to  the  tuned  position  from  a  step  offset.  An¬ 
ther  is  to  observe  the  cavity  correction  voltage  noise 
along  with  measurement  of  the  frequency  with  regard  to 
another  hydrogen  maser.  Figure  9  shows  the  result  of 
such  measurements  on  the  NRL  maser  using  the  APL  maser 
as  a  reference.  The  phase  plot  period  was  initially 
8.6  Hrs .  corresponding  to  a  frequency  offset  of 
2.69  X  10"13.  The  maser  cavity  register  was  then 
offset  by  an  amount  equivalent  to  +  3  x  10"i2  {n  maser 
frequency.  The  servo  response  shows  a  linear  correc¬ 
tion  rate  of  1.3  x  10“i2  per  hour  and  a  smooth  return 
to  the  previous  level  until  the  noise  floor  is  reach¬ 
ed.  The  maser  also  returns  to  the  previous  frequency 
with  no  measurable  error,  A  similar  offset  in  the 
opposite  direction  has  the  same  result.  The  short 
term  excursions  of  the  register  voltage  correspond  to 
either  noise  or  corrections  of  the  order  of  parts 
in  I0l4^  but  this  is  effectively  filtered  by  the  long 
time  constant  of  the  cavity  thermal  capacitance  and 
thermal  impedance.  Similar  experiments,  with  the  APL 
maser  offset,  give  similar  results.  The  servo  correc¬ 
tion  rate  may  be  set  either  faster  or  slower,  but  the 
maser  does  not  have  significant  cavity  related  insta¬ 
bility  in  the  short  term,  and  the  present  rate  is  ad¬ 
equate  to  effectively  remove  longer  term  thermal 
perturbations . 
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The  relative  stability  of  the  two  masers  is 
illustrated  in  Figure  10.  The  plot  gives  the  sigma 
tau  "Alan  Variance"  as  a  function  of  measuring  inter¬ 
val  for  intervals  from  I  second  to  60,000  seconds. 

The  long  term  data  was  obtained  over  a  13  day  period. 

No  linear  drift  between  the  tuned  masers  has  yet  been 
observed  within  the  statistical  uncertainty  of  meas¬ 
urement.  (The  calculated  drift  for  this  13  day 
period  was  6  x  10“^^^/Day.  ) 

Figure  11  is  a  picture  of  the  original  chart  re¬ 
corder  data  used  in  the  longer  term  sigma  tau  calcu¬ 
lations.  The  relative  frequency  invariance  and  low 
phase  noise  of  the  masers  are  illustrated  by  comparison 
to  the  phase  plot  of  a  Hewlett  Packard  high  perform¬ 
ance  (option  0^4)  cesium  standard  which  was  made  si¬ 
multaneously  with  respect  to  the  NRL  hydrogen  maser. 

The  cesium  standard  frequency  stability  and  flicker 
level  measured  against  the  maser  is  the  same  as  speci¬ 
fied  by  the  manufacturer. 

The  maser  beat  frequency  difference  from  the 
sample  average  during  the  phase  comparison  is  .shown 
in  Figure  12.  This  figure  shows  very  graphically  the 
real  time  frequency  invariance  and  the  great  potential 
for  improved  long  term  timekeeping  possible  by  use  of 
the  new  cavity  switching  servo  technique. 

Magnetic  field  sensitivity  measurements  were  made 
on  both  the  NRL  and  APL  hydrogen  masers.  The  applied 
field  was  produced  by  two  coils  surrounding  the  maser, 
one  near  the  top  and  one  near  the  bottom  and  the  ex¬ 
ternal  field  was  measured  with  a  Hall  probe  at  the  top 
center  of  the  maser.  Calibration  field  measurements 
were  also  made  on  the  isolated  field  coils,  and  the 
calculated  shielding  factor  refers  to  the  impressed 
external  field  variation  referred  to  the  empty  field 
coil  divided  by  the  internal  field  change  inferred 
from  measurement  of  the  change  in  frequency  of  the 
maser.  For  the  APL  maser,  with  an  external  field 
change  of  1.6  to  -1.5  Causs,  the  shielding  factor 
was  1.05  X  lO*’.  For  an  external  field  change  of 
+.6  Gauss  to  -.6  Gauss  the  shielding  factor  was 
3.7  X  10^.  For  changes  from  +.06  Gauss  Co  -.06  Gauss 
the  effect  was  not  measurable. 

For  the  NRL  maser,  which  has  an  external  shield 
3  inches  smaller  in  width  and  depth,  and  which  is 
5  inches  shorter,  the  shielding  factors  were  not  as 
good.  The  worst  case  condition  was  an  axial  external 
change  from  +1  to  -1  Gauss  for  which  the  shielding 
factor  was  21,000.  Similar  measurements  with  the 
external  coils  placed  horizontally  did  not  result 
in  a  measurable  effect. 

Sensitivity  to  ambient  temperature  was  tested  by 
placing  the  NRL  and  APL  masers  in  separate  rooms  and 
using  air  conditioning  controls  and  electric  heaters 
to  e.sCablish  different  temperatures  in  the  two  rooms. 
The  relative  frequencies  were  measured  over  a  period 
of  a  day  or  more  at  each  temperature  after  approxi¬ 
mate  equilibrium  conditions  were  achieved.  For  the 
NRL  maser  there  was  no  statistically  significant  tem¬ 
perature  coefficient  within  a  resolution  of  ±1  x  10“1^ 
per  ®C.  For  the  APL  maser  the  temperature  coefficient 
was  6.4  X  10"^^  ^1  X  10“15  per  ®C.  The  APL  maser  is 
at  present  operating  at  a  factor  of  about  4  lower  beam 
intensity  than  the  NRL  maser  and  this  may  be  the  cause 
of  its  higher  temperature  coefficient.  We  plan  to 
increase  the  oeam  intensity  of  the  APL  unit  and  to 
look  for  other  systematic  cau.9es  in  the  near  future. 
However  the  present  results  for  temperature 
perturbations  are  very  good. 


Experiments  With  the  "Small  Hydrogen  Maser*' 

The  Gmail  Hydrogen  Maser  (SHM)  is  a  novel  design 
of  a  very  compact  maser  which  was  built  in  the  course 
of  a  research  and  development  effort  which  was  funded 
by  the  United  States  Air  Force. ^  The  maser  used  a 
small  storage  bulb  with  attached  copper  electrodes 
configured  such  that  the  overall  cavity  was  only  6" 
diameter  by  9"  long.^  Contrary  to  original  expecta¬ 
tions,  it  was  not  possible  to  attain  oscillation  con¬ 
ditions  with  this  maser  at  tirsL  due  to  the  low  cav^ 
ity  Q  realized:  to  overcome  the  problem  a  transistur 
circuit  was  placed  within  the  cavity  to  provide  active 
feed-back  and  reduce  cavity  losses.  External  control 
of  the  cavity  Q  and  frequency  was  accomplished  by 
changing  the  DC  bias  on  the  transistor.  It  was  also 
possible  to  control  the  cavity  frequency  by  changing 
the  temperature.  With  the  active  cavity  gain  circuit 
maser  oscillation  was  easily  attained.  To  improve  the 
maser  stability  the  first  experimental  cavity  fre¬ 
quency  switching  servo  was  also  installed,  and  tests 
of  the  servo  system  response  gave  promise  of  good  con¬ 
trol  of  the  cavity  frequency.  Actual  stability  meas¬ 
urements  awaited  the  construction  of  the  APL  and  NRL 
hydrogen  masers. 

In  the  period  since  the  new  masers  were  con¬ 
structed  several  tests  have  been  performed  on  the  SHM. 
First,  the  stability  without  use  of  the  cavity  servo 
was  examined.  For  one  and  ten  second  intervals  the 
Allan  Variance  was  2.5  ±1  x  10“^^’  For  longer  peri¬ 
ods,  up  to  a  day,  the  stability  was  erratic,  with 
rather  large  random  excursions  in  frequency.  Over  a 
four  day  measuring  interval  there  was  an  approximate¬ 
ly  monotonic  drift  of  2.3  x  lO'^^  per  Hour. 

Tests  were  then  made  using  the  cavity  servo  with 
the  cavity  frequency  controlled  through  the  tempera¬ 
ture  control  circuit.  This  was  not  successful  for  the 
apparent  reason  that  the  cavity  frequency  versus  tem¬ 
perature  characteristic  of  the  SHM  was  not  monotonic 
and  had  a  wide  hysteresis  loop.  The  servo  control 
voltage  as  well  as  the  maser  frequency  varied  between 
rather  large  extremes.  Tests  using  the  servo  output 
to  control  the  frequency  through  the  cavity  gain  cir¬ 
cuit  were  also  very  disappointing.  Changes  in  the 
gain  transistor  bias  not  only  changed  the  cavity  fre¬ 
quency  and  modulation  width,  but  it  appeared  to  affect 
the  cavity  noise  spectra  amplified  by  the  transistor 
circuit,  and  the  variable  noise  amplitude  modulation 
interfered  with  the  maser  signal  modulation. 

To  correct  the  problems  with  the  SHM  it  would  be 
necessary  to  have  a  mechanism  independant  of  the  tem¬ 
perature  controls  or  the  gain  circuit  to  vary  the  fre¬ 
quency.  This  could  be  accomplished  by  use  of  a 
varactor  as  in  the  APL  and  NRL  masers.  Another  and 
better  approach  would  be  to  use  a  cavity  and  bulb  de¬ 
sign  similar  to  that  shown  in  Figure  3,  but  with  the 
maximum  quartz  loading  consistant  with  adequate 
passive  cavity  Q. 

Work  on  the  SHM  at  Sigma  Tau  Standards  Corpora¬ 
tion  has  been  completed  at  this  time.  However,  the 
scientific  knowledge  and  technical  fallout  have  been 
vary  valuable  in  laying  a  foundation  for  the  concep¬ 
tion  and  realization  of  the  new  designs  embodied  in 
the  APL  and  NRL  masers.  We  have  learned  of  the  diffi¬ 
culties  and  complexities  involved  in  the  cavity  and 
bulb  con f igurat ion  used  in  the  SHM,  and  arrived  at  a 
new  design  which,  though  not  quite  as  compact,  has 
more  than  met  the  stability  goals  of  the  "Light- 
Weight  Hydrogen  Maser  Development  Program." 
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Prest'nC  work  with  Che  new  masers  anci  use  of  the 
new  technique  for  stabilizing  the  cavity  have  resulted 
in  extremelv  ^ood  stahilitv.  The  masers  have  been 
oDorational  for  onlv  five  months  at  this  writing,  and 
a  creat  deal  of  experinicntat  ion  and  analysis  remains 
to  be  done  to  establish  Che  real  stability  limits 
which  may  be  attained.  Future  work  will  involve 
operation  at  different  cavity  frequency  modulation 
rates  and  amplitudi's;  we  must  examine  more  closely 
t^'ie  fundamental  accuracy  or  reproduc  i  b  i  I  i  t  y  effects 
of  cavitv  frequency  switching  and  we  should  experiment 
with  different  con  f  i  gura  t  i  ons  of  hul'^,  cavity,  and 
means  to  nodulatt'  l'uc  ^avlty  ^r^^nuenev.  The  present 
r'*';’ilcs  reported  in  this  paper  give  a  basis  for  very 
optiniscic  projection  of  the  performance  levels  which 
mav  ‘■'e  ’.iltimatelv  achieved. 
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Figure  2.  New  hydrogen  maser  physical  design 
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Vi^uni  3.  Maser  cavitv  and  bulb  assembly 


Figure  4.  Oscillating  atoms  and  RF  field  diagram 


Figure  Circuit  model  for  analysis  of  cavity 

output  voltage  change  as  a  function 
of  change  in  frequency  of  excitation 


Figure  6.  Illustration  of  output  voltage  change 
for  a  step  change  in  cavity  frequency 
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Figure  7.  Cavity  frequency  switching  servo 
system  diagram 


Figure  Q.  Response  of  the  servo  cavity  control 

voltage  and  the  maser  output  frequency 
for  step  offsets  in  cavity  frequency 
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Figure  8.  Comparison  system 


Figure  10.  Hydrogen  maser  relative  stability  - 
Allan  Variance 
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Figure  11.  Phase  plots:  NRL  vs  APL  hydrogen  masers 
and  NRL  vs  HP-OO^  cesium 


Figure  12.  Fractional  frequency  difference  from 

the  average  frequency  between  hydrogen 
masers  over  a  12  day  period 
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Sunrnary 

The  results  of  t.he  operation  of  the  hydrogen  maser 
with  a  new  state  selector  are  described.  In  the  first 
part  of  this  report,  the  neasurenent  results  of  the 
r.cignetic  inhonogeneity  shiift  of  the  maser  frequency  by 
^he  use  oi'  a  new  state  selector  are  described.  In  the 
next  part,  the  results  of  the  long-term  continuous  op¬ 
eration  of  the  masers  by  the  automatic  cavity  tuning 
method  or<=^  described. 

Maser  structure  and  Electronics 

The  structure  of  the  maser,  H3  or  H4,  is  shown  in 
Flg.l.  It  is  of  the  loboratory  type.  This  apparatus 
consists  of  the  two  ion  pumps,  the  atomic  source  system, 
the  double  focusing  state  selector,  the  four-layer  mag¬ 
netic  shields,  the  microwave  cavity  and  the  storage 
bulb.  The  shielding  factor  is  about  15000.  The  loaded  Q 
of  t  h.f'  c:avity  is  about  45000  and  the  cavity  temperature 
IS  controlled  within  the  limits  of  ^0.01  C. 

T)',o  jystem  of  the  maser  electronics  and  that  of 
tne  cavity  autotuning  electronics  are  shown  in  Fig. 2. 

The  system  shown  in  the  upper  part  of  the  figure  is  the 
phase-locking  loop  for  controlling  a  5  MHz  quartz  crys¬ 
tal  oscillator.  The  system  shown  in  the  lower  part  is 
t'he  electronics  for  the  automatic  cavity  tuning^.  The 
bea*’  priori  of  the  two  maser  frequencies  is  measured  to 
detect  the  cavity  offset  by  varying  the  atomic  flux 
between  the  two  levels.  The  detected  signal  is  used  to 
correct  the  cavity  frequency.  The  frequency  stability 
of  the  free  running  maser  is  about  3  x  10“^^  at  the 
averaging  time  of  500  seconds  and  that  of  the  autotuned 
maser  is  about  1  x  10“^^  at  the  averaging  time  from  100 
seconds  to  1  day. 

?  3 

State  Selector 

The  structure  of  the  state  selector  is  shown  in 
Fig. 3.  This  selector  is  designed  for  eliminating  the 
undesirable  atoms  in  the  (F=l,  mp=l)  state.  Some  at¬ 
tempts  have  been  made  for  this  elimination  by  the  AFP 
method'^’ In  our  apparatus,  the  Majorana  transition  is 
used*^.  The  state  selector  consists  of  two  hexapole  mag¬ 
net  and  two  solenoid  coils.  The  solenoid  coils  are 
placed  in  series  inside  the  magnetic  shields  which  are 
placed  between  the  magnets.  When  the  atoms  in  the  nijr=l 
state  pass  through  the  reverse  magnetic  field,  these 
atoms  m.ake  transitions  to  the  mp=-l  state.  Since  these 
atoms  are  defocused  by  the  next  magnet,  only  desirable 
atoms  in  the  mp-O  state  can  enter  the  storage  bulb.  For 
*:he  purpose  of  designing  the  state  selector  successful¬ 
ly,  the  beam  optics  analysis  and  the  transition  proba¬ 
bility  calculation  of  an  atomic  spin  in  the  reverse 
magnetic  field  are  made.  The  appropriate  beam  optics 
configuration  is  obtained^. 

When  the  magnetic  fields  of  the  two  coils  are  sot 
in  an  opposite  direction  (Majorana  method),  the  undesir¬ 
able  atoms  can  be  eliminated  by  about  90%.  This  elimi¬ 
nation  is  confirmed  by  measuring  the  line  width  and  the 
Zeeman  response  of  the  maser  amplitude.  On  the  other 


hand,  when  the  fields  are  set  in  the  same  direction,  the 
conventional  state  selection  (conventional  method)  can 
be  realized. 

Magnetic  inhomogeneity  shift 

The  advantage  of  this  state  selector  is  that  the 
dependence  of  the  magnetic  inhomogeneity  shift  (Crampton 
effect)  on  the  population  distribution  of  the  F=1  state 
can  be  easily  examined.  This  shift  is  proportional  to 
the  population  difference  between  the  (F=l,  mp^i)  state 
and  the  (F=l,  mp^-1)  state^.  Therefore,  when  the  un¬ 
desirable  atoms  are  eliminated,  it  is  exoected  that 
this  shift  can  be  reduced  sufficiently.  The  dependence 
of  the  tuned  frequency  on  the  state  selection  method 
is  measured"^.  Fig. 4  shows  one  of  the  measurement  re¬ 
sults  of  the  tuned  frequencies  for  three  operation 
modes.  The  state  selection  is  changed  at  the  points  A 
and  B.  In  the  selection  exchange  method,  the  flux 
change  induced  by  exchanging  the  two  state  selections 
is  used  to  vary  the  atomic  flux  for  cavity  tuning.  It 
is  considered  that  the  change  in  the  tuned  frequency 
is  due  to  the  magnetic  inhomogeneity  shift.  The  depend¬ 
ence  of  the  tuned  frequencies  on  the  static  field  is 
also  measured.  The  results  are  shown  in  Fig. 5,  The 
tuned  frequencies  of  the  conventional  method  and  the 
selection  exchange  method  depend  strongly  on  the  static 
field.  This  dependence  on  the  static  field  is  due  to 
the  magnetic  inhomogeneity  shift.  On  the  other  hand, 
the  tuned  frequencies  of  the  Majorana  method  do  not 
depend  on  the  static  field.  Therefore,  the  magnetic 
inhomogenei ty  shift  is  reduced  sufficiently  in  the 
Majorana  method. 

Long-term  continuous  operation 

The  hydrogen  masers  are  operated  continuously  by 
the  automatic  cavity  tuning  method,  in  which  mechanical 
flux  controllers  or  selection  exchange  controllers  are 
used  to  vary  the  atomic  flux.  The  5  MHz  output  of  the 
masers  are  compared  with  that  of  the  commercial  cesium 
beam  frequency  standard.  The  magnetic  field  is  examined 
by  measuring  the  Zeeman  frequency  at  the  beginning  and 
the  end  of  the  operation.  Fig. 6  and  Fig. 7  show  the  two 
typical  results  obtained  for  about  200  days  from  March 
1979  and  from  August  1982  respec+-ively .  The  operation 
conditions  of  the  autotuned  masers  are  shown  in  the 
lower  table,  such  as  the  static  field,  the  storage  bulb, 
flux  change  method  for  autotuning.  Cs5  and  Cs7  are  the 
commercial  frequency  standards  and  used  for  time  keep¬ 
ing  to  generate  the  UTC(RRL).  It  is  comfirmed  that  they 
do  not  have  large  linear  frequency  drift  by  comparing 
them  with  other  Cs  frequency  standards  and  a  portable 
clock.  According  to  these  results,  it  is  considered 
that  the  frequency  of  H4  in  Fig. 6  and  that  of  H3  in 
Fig. 7  have  the  linear  drift  rate.  On  the  other  hand, 
the  frequency  of  H3  in  Fig. 6  has  no  linear  drift  clear¬ 
ly,  The  different  behaviors  of  these  maser  frequencies 
for  the  long-term  operation  are  probably  due  to  the 
change  in  the  wall  shift  of  the  maser  frequency. 
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The  aging  of  the  storage  bulb  was  reported  previously 
and  sone  causes  of  it  were  pointed  out®.  Among  these 
causes,  we  now  consider  that  the  coating  procedure  is 
one  important  problem.  Therefore,  the  coating  procedure 
is  now  under  investigation  carefully. 

In  the  selection  exchange  method  for  the  cavity 
autotuning,  the  maser  frequency  is  influenced  by  the 
magnetic  inhonogenei ty  shift.  However,  the  influence 
of  this  shift  on  the  long-term  operation  can  not  be 
detected  clearly  at  present.  It  is  considered  that  such 
influence  on  the  long-term  operation  will  be  probably 
detected  after  removing  the  aging  of  the  storage  bulb 
and  will  be  examined  clearly  by  comparing  the  result  of 
the  long-term  operation  by  the  selection  exchange  meth¬ 
od  with  that  of  the  long-term  operation  by  the  Majorana 
method  and  the  mechanical  flux  controller  for  cavity 
autotuning. 
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Summary 


Experimental  results 


The  measured  stability  of  an  oscillator  locked  on 
an  ion  mercury  transition  has  shown  its  possibilities 
as  a  frequency  standard  . 

The  main  physical  limitation  of  this  standard  is  the 
2  order  Doppler  effect  which  produces  a  relative  fre¬ 
quency  shift  of  5  10  for  an  energy  of  the  ions  of 
1  eV. 

From  the  experimental  results  describes  here  and 
from  some  calculations  including  space  charge  effect, 
we  are  able  to  deduce  the  energy  of  the  ions  and  then 
the  frequency  shift  due  to  the  2^“  order  Doppler  effect. 

Introduction 


Figure  1  is  a  typical  absorption  spectrum  which 
gives  the  central  line  and  the  right  part  of  the  Doppler 
spectrum.  We  observe  mainly  two  lateral  lines  whose 
width  gives  the  coherence  time. 

The  frequency  of  the  oscillating  motion  of  the  ions 
in  our  cylindrical  trap  is  obtained  from  the  experimen¬ 
tal  confining  parameters  according  to  the  computed 
solution  of  the  equations  of  the  ion  motions 

As  can  be  seen  on  figure  2,  the  measured  frequen¬ 
cies  are  lower  than  the  theoretical  ones  for  a  large 
set  of  potential  wells.  This  can  be  due  to  space  charge 
effect  as  pointed  out  by  Andre 


Ions  are  stored  in  a  radiofrequency  trap  in  which 
they  undergoe  an  hanrionic  oscillation  at  the  secular 
frequency  Then  any  absorption  spectrum  of  the 

ions  is  modulated  by  this  motion  (1st  of-jer  Doppler 
effect) . 

The  wavelength  of  the  atomic  transition  used  in  this 
experiment  is  7,4  mm  (40,5  GHz).  It  is  of  the  same  order 
than  our  trap  radius  r,  which  is  19  mm.  In  this  case, 
the  absorption  spectrum  is  composed  of  well  separated 
lines  spaced  by  if  coherence  time  is  long  enough. 

4  g  Jhis  spectrum  has  been  observed  in  a  few  experiments 
’  ’  and  Major  and  Duchene  7  have  shown  that  the  ion 
energy  can  be  deduce  from  the  intensity  of  these  lines 
in  the  case  where  the  microwave  excitation  is  a  standing 
wave.  Our  calculations  assume  that  the  ions  are  excited 
by  a  running  wave  and  include  space  charge  effect  which 
shifts  the  secular  frequency  8. 

Experimental  set-up 


Interpretation 


A  mathematical  model  has  been  built  according  to 
our  experimental  conditions  and  assuming  a  spherical 
potential  well. 


An  ion  with  position  r  at  time  t  sees  an  electro¬ 
magnetic  field  :.i(2wv  t  -  kr) 

H{t)  =  H^  e  °  (1) 

where  v  is  the  microwave  excitation  frequency  and  k  = 
2'n'/A  is°its  wave  vector. 

The  spectral  density  of  this  excitation  G(v)  in  the  ion 
frame  is  the  Fourier  transform  of  the  correlation  func¬ 
tion  r(T)  : 

2  T  ik[r(t)  -  r{t  +  t)] 

r(T)  =  °  <  e  >  (2) 

where  the  average  is  taken  over  all  the  ions.  Then  G(v) 
is  qi ven  by  : . 

^  ,+co 


G(v) 


r(T)  dt 


(3) 


This  experiment  has  been  described  in  detail  else¬ 
where  1  .  Briefly  we  measure  the  frequency  of  the  tran¬ 
sition  between  the  hyperfine  levels  F  =  0  and  F  =  1  of 
the  IS^Hg'*'  ground  state  at  40,5  GHz.  Ions  are  selecti¬ 
vely  pumped  from  the  (F  =  1)  level  to  the 

(F  =  0)  level  by  optical' pumping  from  a  Hg'*’  lamp 
until  the  (E  ’  1)  level  is  depleted.  Then  a  mi¬ 

crowave  sweeps'^the  hyperfine  transition  and  the  absorp¬ 
tion  spectrum  can  be  seen  from  the  intensity  of  the 
fluorescence  emitted  by  the  ions  due  to  the  mixing  of 
the  ^^1/2  levels. 

Ions  are  confined  in  a  cylindrical  trap,  in  a  pseudo¬ 
potential  well  which  can  be  varied  from  4  eV  to  24  eV. 

The  frequency  of  the  microwave  electric  field  being 
265kHz  the  ion  corresponding  secular  frequencies  are 
between  13  kHz  and  40  kHz.  The  lifetime  of  the  ions  is 
about  1  s. 

The  maximal  microwave  power  gives  a  saturation  fac¬ 
tor  of  600  for  the  central  line.  In  these  conditions  the 
saturation  factor  of  the  first  lateral  line  is  about  1. 
The  microwave  is  introduced  in  the  trap  with  a  horn  and 
we  will  assume  that  it  is  a  running  wave  in  the  direc¬ 
tion  of  propagation. 


J  -CO 


i)  we  calculate  the  spatial  distribution  of  the 
ions  in  the  trap  taking  into  account  the  space  charge 
in  the  same  way  as  Knight  18.  jp  pattern,  ion  velo¬ 
city  obeys  a  Maxwellian  distribution  at  the  temperature 
T  and  we  calculate  the  density  of  the  ions  in  the  trap 


modified  by  the  space  charge  potential 
Poisson's  equation  2  2 

s  mip  r^/2+<t>„ 


'sc 


from  the 


A(p 


SC 


exp  - 


sc 


KT 


(4) 


n  is  the  density  at  the  center  of  the  trap 
“m  "  ,  m  is  the  mass  of  the  ion 

K"'is  the'’’Bol tzmann  constant. 

This  equation  is  numerically  solved. 


Figure  3  shows  the  density  and  potential  curves 
versus  the  ion  position  for  different  values  of  n  and 
for  a  given  value  of  lu  and  T.  As  the  density  increases, 
the  potential  becomes  less  and  less  harmonic  and  the 
ions  spread  in  the  trap.  For  large  ion  densities  we 
get  a  quasi  uniform  distribution  of  the  ions.  The  de¬ 
viation  from  the  gaussian  distribution  can  be  seen  on 
figure  4.  The  widths  given  on  figure  4  are  defined  by 
the  value  of  r  for  which  the  density  is 
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ii)  In  order  to  calculate  r(t)  we  assume  an  initial 
random  position  of  the  ion  in  the  trap  and  an  initial 
random  velocity  obeying  a  Maxwellian  distribution  at 
temperature  T.  We  solve  the  differential  equation  giving 
Its  motion  in  the  potential  well  calculated  before. 
r(t)  is  calculated  over  512  points  with  a  sampling  in¬ 
terval  of  1/25  .  This  calculation  is  repeated  1000 

times  and  averaq!?d  to  give  the  correlation  function 
■  r(t)  r(t  +  t)  . 


10.  R.D.  Knight,  Ph.  D.  Thesis,  U.  of  California, 
Bekerley  (1979),  Lawrence  Berkeley  Lab.  Publication 
LBL  9082 

11.  M.  Schaaf,  U.  Schmeling  and  G.  Werth,  Appl .  Phys. 

299  (1981) 


As  an  example,  figure  5  shows  the  correlation  func¬ 
tion  witn  a  temperature  of  858  'K  and  a  central  den¬ 
sity  of  10'  cm" 3  and  a  potential  well  of  13  eV  •  The 
value  of  .  T )  is  calculated  to  '2)  and  the  Fourier  trans¬ 
form  of  tnis  correlation  function  gives  the  relative 
interoities  of  tae  lines  and  their  frequencies  (Fig.  6). 


In  order  to  show  the  space  charge  effect  these 
calculations  have  oeen  made  in  a  large  range  of  n  and 
T  for  a  given  potential  well.  Some  interesting  feStures 
can  been  deduced  from  these  results. 

.  first,  we  observe  the  reduction  of  the  secular 
frequencies  as  the  ion  density  increase  (Fig.  7  ), 

.  second,  this  reduction  is  independant  of  the  tem¬ 
perature. 

It  is  consequently  possible  to  deduce  the  central  den- 
si  ‘■.y  of  the  ions  n^  from  the  measured  secular  frequency, 
compared  to  the  frequency  without  space  charge  effect. 
Then  the  temperature  is  obtained  from  the  relative  in¬ 
tensity  of  the  two  first  lateral  lines  using  figures 
wnicn  gives  these  value  versus  T,  for  several  ion  den¬ 
sities. 

For  example,  in  our  experiment  a  spherical  potential 
well  of  24  eV  which  corresponds  to  a  frequency  =  40 
kHz  gives  a  variation  of  the  secular  frequency  of  14 
kriz.  This  value  corresponds  to  a  central  density  of  1,8 
ions  cm^.  Then,  from  the  measured  intensities  of  the 
two  first  lines  corrected  from  saturation,  we  obtain  a 
temperature  T  =  3  000  +  200^K.  For  this  temperature,  the 
second  order  Doppler  relative  shift  is  1,5  10"^^. 


Conclusion 

This  model  explains  what  happens  when  a  buffer  gas 
is  introduced  into  the  trap.  We  have  observed  like 
Cutler  3  a  reduction  of  the  secular  frequency.  Knowing 
that  this  frequency  doesn't  vary  for  a  given  potential 
well  with  the  temperature  but  only  with  the  central 
density,  tne  observed  reduction  isn't  directly  due  to 
tne  reduction  of  the  ion  temperature  but  to  the  increase 
of  the  central  densities  as  the  ion  cloud  contracts  ’  . 
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Fig.  2  Experimental  values  of  the  secular  motion  frequency,  as  a  func¬ 
tion  of  the  theoretical  ones.  Experimental  values  are  lower  than 
the  theoretical  ones,  calculated  from  the  potential  well  and 
neglecting  space  charge  effect. 
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Fig.  4  Half  width  of  the  ion  distribution  as  a  function  of  Dq  and  for  a 
given  value  of  the  temperature  and  of  the  potential  well.  The 
width  is  defined  as  the  value  of  r  for  which  the  density  equals 
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Fig.  3  Ion  density  and  confining  potential  in  the  trap,  including  space 
charge  effect,  for  various  values  of  Oq,  the  density  at  the  center 
of  the  trap. 

For  these  curves  we  have  v  =  3  10^  Hz 
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Fig.  5  Correlation  function  of  the  ion  position  calculated  for 
T  =  858  °K 
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Fig.  6  Caluclated  absorption  spectrum  deduced  from  the  correlation 
function  of  Fig.  5. 
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Fig.  8  Variation  of  the  relative  intensity  of  the  two  first  lateral  lines 
as  a  function  of  the  temperature,  for  several  values  of  the  ion 
density  at  the  center  of  the  trap. 
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Fig.  7  Variation  of  the  calculated  secular  frequency  of  the  ions  as  a 
function  of  the  temperature  T  and  of  the  ion  density  at  the 
center  of  the  trap  Oq.  It  is  seen  that  for  a  given  value  of  ng, 
the  secular  frequency  is  independent  from  the  temperature. 
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Summary 

While  the  high  quality  factor  Q  and  the  low 
thermal  expansion  coefficient  attainable  in  super¬ 
conducting  cavities  provide  an  excellent  starting 
point  tor  stable  oscillator  design,  a  practical  alter¬ 
native  to  atomic  frequency  standards  has  not  yet 
emerged  from  this  technology.  Many  schemes 
have  been  proposed  combining  superconducting 
cavities  with  either  room  temperature  or  cooled 
electronics,  with  varying  levels  of  frequency  sta¬ 
bility  having  been  achieved,  limitations  to  stabil¬ 
ity  have  been  attributed  to  either  the  electronic 
noise  of  amplifying  elements  or  to  disturbing 
influences  of  the  environment.  In  this  paper  we 
report  the  design  and  development  progress  of  a 
ruby  maser  oscillator  stabiUzed  with  a  sapphire- 
filled  superconducting  cavity.  This  combination  of 
elements  Is  expected  to  greatly  reduce  the  effects 
of  amplifier  noise  and  of  environmental  distui^ 
bances  and  so  will  allow  the  potential  of  a  super¬ 
conducting  cavity  stabiUzed  osciUator  to  be  more 
fully  realized. 

Use  of  a  ruby  maser  amplifier  has  been  previ¬ 
ously  proposed  to  allow  an  all-cryogenic  supercon¬ 
ducting  cavity  oscillator.'  Such  an  application  of 
the  ruby  maser  seems  optimal  since  the  maser 
requires  cryogenic  temperatures  for  operation, 
dissipates  little  power,  and  allows  very  low  noise 
temperatures  at  microwave  frequencies.  We  have 
developed  an  oscillator  design  using  the  ruby 
instead  as  a  negative  resistance  element  in  a 
three-cavity  oscillator  that  allows  the 
superconducting  cavity  to  be  isolated  from  the  Q- 
reduclng  magnetic  field  of  the  maser.  To  analyze 
our  design,  we  develop  a  formalism  for  describing 
the  arrangement  of  coupling  factors,  cavity  Q's 
and  resonant  frequencies  that  best  sets  forth  the 
design  considerations.  ITiis  discussion  also  serves 
to  remove  any  mystique  concerning  the  use  of 
three  cavities  in  a  high-stability  oscillator. 

To  minimize  effects  of  thermal,  acoustic,  and 
gravitational  disturbances,  we  form  our  cavity  by 
placing  a  superconducting  film  on  a  sapphire  sub¬ 
strate.  Recent  results  on  performance  of  such 
cavities  will  be  reported.  We  also  report  on  tests 
of  the  maser  in  low-Q  oscillator  operation.  Fre¬ 
quency  pulling  effects  and  power  limitations  have 
been  measured,  allowing  extrapolation  of  ruby 
electronic  effects  to  high  Q  conditions 

1-  General  Feeturae 

Frequency  variation  In  the  output  of  a  stabilized  oscilla¬ 
tor  is  induced  by  three  different  types  of  sources:  variations 
in  the  frequency  of  the  stabilizing  element  Itself;  variations 
of  the  oscillator  operating  frequency  within  the  bandwidth  of 
the  stabilizing  element;  and  fluctuation  of  the  output  phase 
due  to  receiver  noise. 

The  ability  of  superconducting  cavities  to  handle  rela¬ 


tively  high  power  reduces  the  output  phase  fluctuation  to 
allow  unpar^leled  stability  for  short  measuring  times  where 
receiver  noise  dominates.  This  aspect  has  been  well  docu¬ 
mented  previously®-®  and  will  not  be  discussed  further  here. 

Variation  of  the  natural  frequency  of  the  cavity  occurs 
due  to  mechanical  and  electrical  mechanisms  mainly  in 
response  to  temperature  change,  gravity  forces,  and  radia¬ 
tion  pressure.  A  cavity  constructed  of  sapphire  gives  a 
significant  reduction  in  response  to  these  three  sources.  Of 
particular  note  is  a  predicted  reduction  in  sensitivity  to 
temperature  fluctuations  by  two  orders  of  magmtude  com¬ 
pared  to  a  soUd  niobium  cavity.  These  considerations  and 
the  results  of  Q  measurements  on  sapphire-filled  cavities 
are  discussed  in  section  4. 

The  evaluation  of  variations  of  the  operating  frequency 
of  the  ruby  maser  oscillator  within  the  bandwidth  of  the  cav¬ 
ity  form  the  basis  for  most  of  the  present  work.  Such  varia¬ 
tions  appear  to  limit  the  long-time  stability  achievable  both 
in  cavity  stabilized  oscillators  and  in  hydrogen  masers,  the 
two  sources  which  presently  allow  the  best  frequency  stabil¬ 
ity. 

We  have  developed  a  design  for  an  all-cryogenic  oscilla¬ 
tor  for  which  the  entire  oscillator  shows  the  structural 
integrity  resulting  from  the  "freezing  out"  of  thermal  expan¬ 
sion  coefficients  at  low  temperatures.  This  oscillator  is  a 
superconducting  cavity  maser  (SCM)  which  uses  a  ruby 
maser  as  the  negative  resistance  element  in  a  three-cavity 
self-excited  oscillator.  The  difficulty  of  combining  a  ruby 
maser,  with  its  attendant  magnetic  field,  and  a  supercon¬ 
ducting  cavity  is  circumvented  by  separating  these  two  ele¬ 
ments  by  a  third  cavity  of  some  length  A  novel  formalism 
for  analysis  of  the  multiple-cavity  oscillator  is  given  in  sec¬ 
tion  2,  along  with  examples  that  demonstrate  how  to  select 
cavity  frequencies  and  coupling  strengths  to  achieve  a 
specific  design  goal. 

The  response  of  the  oscillator  frequency  to  fluctuations 
in  environmental  parameters  relates  principally  to  the 
response  of  the  dimensions  of  the  superconducting  cavity  to 
these  fluctuations.  While  this  statement  seems  reasonable. 
It  actually  holds  only  when  the  energy  of  oscillation  is  con¬ 
centrated  to  a  sufficient  degree  in  the  stabilizing  cavity. 
The  formalism  presented  derives  the  response  of  the  fre¬ 
quency  of  the  eigenmode  of  oscillation  in  a  multiple-cavity 
oscillator  to  the  several  elements  that  can  influence  this  fre¬ 
quency;  these  elements  would  Include  the  individual  cavity 
frequencies  and  Intercavity  coupling  strengths.  Using 
knowledge  of  the  response  of  the  constituent  elements  to 
environmental  fluctuations,  we  can  then  predict  the 
response  of  the  oscillator  frequency  and  thereby  establish 
the  relation  asserted  above  between  the  oscillator  frequency 
stability  and  the  superconducting  cavity  frequency  stability. 

Although  ruby  masers  have  seen  considerable  use  as 
low-noise  microwave  ampliflers,  their  performance  as  oscU- 
lators  has  not  been  well  characterized.  We  report  In  section 
3  measurements  that  determine  the  maser's  oscillator  per¬ 
formance  and  its  dependence  on  the  operating  parameters 
of  the  maser.  Prom  these  measurements  we  derive  magnl- 
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tudes  of  frequency  perturbing  effects,  values  that  are  used 
in  our  design  procedure  to  predict  the  stability  of  the  oscil¬ 
lator. 

Mainteiining  all  of  the  basic  elements  of  the  oscillator  at 
low  temperatures  benefits  the  performance  in  several  ways: 
both  the  superconducting  cavity  and  the  ruby  maser 
improve  their  performance  as  the  temperature  is  lowered; 
thermal  expansion  coefficients  of  the  structural  materials 
are  reduced  considerably  from  their  room  temperature 
values,  decreasing  the  change  of  dimensions  with  tempera¬ 
ture;  additioneJly,  placing  the  entire  oscillator  in  the  very 
temperature-stable  cryogenic  surroundings  eliminates  all 
effects  associated  with  temperature  gradients  and  varying 
temperature  profiles  common  to  previous  superconducting 
cavity  stabilized  oscillators.  The  magnitudes  of  these 
benefits  will  be  presented  in  the  sections  that  follow. 

1.1.  Ai^cation  ol  the  Ruby  Uaaer 

Ruby  maser  amplifiers  are  the  quietest  amplifiers 
presently  available  in  the  microwave  frequency  range,  with 
device  noise  temperatures  as  low  as  1.5K  reported,*  They 
operate  naturally  at  temperatures  below  4K,  and  can  pro¬ 
vide  output  power  of  a  fraction  of  a  microwatt,  a  value 
sufficient  for  excellent  short  term  measurements  and  far 
above  the  10“*'  watts  available  from  the  H-maser.  Further¬ 
more,  the  pump  power  required  is  related  only  to  the  signal 
power,  allowing  very  low  power  dissipation  and  consequently 
lower  temperature  operation,  if  desired.  By  contrast  the 
av€dlable  transistor  amplifiers  must  dissipate  several  mil¬ 
liwatts  of  power  in  order  to  maintain  their  operating  point.® 
Operation  well  below  IK  seems  feasible,  with  importeint  con¬ 
sequent  reductions  in  thermally  generated  frequency  shifts 
in  the  superconducting  cavity  itself. 

In  contrast  to  the  H-maser  with  its  fractional  linewidth 
of  10“®,  ruby  has  a  fractional  bandwidth  of  about  10“®,  mak¬ 
ing  it  unsuitable  for  determining  the  frequency  itself  How¬ 
ever,  this  wide  bandwidth  (low  Q)  is  a  distinct  advantage 
when  used  in  conjunction  vrith  a  superconducting  cavity, 
since  it  results  in  a  reduction  of  frequency  pulling  effects. 
Frequency  pulling  of  the  actual  operating  frequency  d/o 
to  frequency  change  A/e  in  a  lower  Q  circuit  element  is  pro¬ 
portional  to  the  ratio  of  its  Q  to  that  of  the  frequency  stabil¬ 
izing  element. 

A  comparison  between  frequency  pulling  effects  in  the 
two  devices  is  instructive.  While  the  H-maser's  output 
closely  follows  the  frequency  of  the  masing  transition  ,  the 
sensitivity  to  its  cavity  frequency  is  given  by 

lo-o  1) 

A/.  (in  10®  ’ 

for  a  cavity  ft  =  10*  and  masing  linewidth  characterized  by 
ftn  =  10*  In  a  similar  manner,  the  frequency  of  the  output 
of  the  SCM  closely  follows  that  of  the  high  Q  superconduct¬ 
ing  cavity,  while  its  sensitivity  to  the  ruby  resonant  fre¬ 
quency  /n  is 

.^P—  =  ^.=  10“^  21 

A/„  ft  10® 


for  masing  linewidth  characterized  by  ft„  =  10*  and  a  cavity 
ft  =  10®.  It  is  apparent  that  the  roles  of  the  masing  and 
cavity  Q's  are  reversed. 

We  expect  that  this  source  of  frequency  pulling  will  be 
much  less  significant  in  the  design  of  the  SCM  than  In  the  H- 
maser  because  of  the  reduction  implied  by  equations  1)  and 
2).  but  more  importantly  because  superconducting  magnets 
allow  great  stability  to  be  achieved  in  the  applied  magnetic 
field  which  determines  the  ruby  resonant  frequency.  Long 
term  stability  of  better  than  10“'*  has  been  reported  at  the 
relative  low  magnetic  fields  (aifiOO  gauss)  required  for  mas¬ 
ing  action,  which  would  imply,  from  equation  2),  frequency 
drifts  less  than  10“'®  from  this  source. 

The  bwdwidth  of  the  negative  resistance  of  the  ruby  is 
very  convenient  from  the  point  of  view  of  mode  selection. 
Losses  in  the  containing  cavity  are  sufficient  to  prevent 
oscillation  at  frequencies  more  than  a  few  percent  from  its 
natural  operating  freqtiency.  We  have  used  this  feature  in 
the  design  that  follows. 


1.2.  H^netlc  Field  laolatiao 

The  magnetic  field  necessary  for  the  operation  of  the 
maser  must  be  shielded  very  effectively  from  the  supercon¬ 
ducting  film  which  forms  the  high-Q  cavity  to  prevent  Q- 
degradation  by  penetrating  flux  lines.  A  reduction  to 
approximately  0.1  G  is  sufficient  to  allow  Q's  well  above  10* 
and  a  further  reduction  to  O.Ol  G  is  desirable.®  The  500  G 
field  applied  to  the  ruby  must  therefore  be  reduced  by  more 
than  5000  times  at  the  cavity. 

The  ruby  material  is  very  strongly  amplifying  in  com¬ 
parison  to  wljit  is  needed  to  induce  oscillation  at  a  Q  of  10*. 
being  able  to  excite  into  oscillation  a  ruby-flhed  cavity  with 
a  Q  of  only  100.  Thus,  it  is  possible  to  physically  separate 
regions  of  high  Q  and  high  magnetic  field.  Conceptually, 
the  ruby  need  only  probe  the  fringe  fields  of  the  stabilizing 
cavity:  the  coupled  system  would  oscillate  with  only 
100/  10®  =  10“'^  of  the  system  energy  in  the  ruby.  Since  the 
energy  is  proportional  to  the  second  power  of  the  field,  this 
energy  drop  corresponds  to  a  reduction  of  wSOOO  times  in 
the  microwave  field.  However,  the  ruby  is  also  much  smaller 
than  the  stabilizing  cavity.  With  a  volume  approximately  1 
cc  in  the  ruby  and  100  cc  in  the  cavity,  the  reduction  in  field 
allowed  is  only  300.  Thus,  the  microwave  fields  must 
somehow  couple  more  strongly  from  the  region  of  the  stabil¬ 
izing  cavity  to  the  ruby  than  the  magnet  field  at  the  ruby 
couples  to  the  cavity. 

We  have  chosen  to  use  a  coupling  cavity  between  the 
ruby  and  superconducting  cavities  as  the  means  to  provide 
the  necessary  coupling.  The  advantage  of  such  a  device  is 
that  the  length  is  not  constrained,  greatly  relieving  the 
design  pressure  on  the  magnetic  field  reduction  problem.  A 
disadvantage  is  that  another  dissipative  eind  detuning  ele¬ 
ment  heis  been  added,  with  possible  consequential  degrada¬ 
tion  of  oscillator  performance.  Moreover,  another  mode  of 
oscillation  has  been  added  to  the  system,  increasing  the 
problems  of  mode  selection.  We  shall  discuss  these  aspects 
in  the  section  that  follows. 

2.  The  Multiple  Caiwity  Negative  Resistance  OKillatar 
2.1.  Introduction 

The  design  approach  that  follows  contains  two  separate 
aspects  which  are  considered  more  or  less  independently. 
First,  we  consider  the  energy  balance  between  Uie  various 
parts  of  the  oscillator  and  the  effects  on  the  performance 
that  can  be  attributed  solely  to  that  source.  Se  'ondly,  we 
present  a  method  of  mode  construction  that  allows  the  fre¬ 
quencies  of  the  constituent  cavities  and  the  coupling  con¬ 
stants  between  them  to  be  determined  to  achieve  this 
energy  balance. 

A  considerable  mystique  has  grown  around  the  subject 
of  multiple-cavity  oscillator  design  and  performance  and,  in 
particular,  the  three-cavity  oscillator  has  been  proposed* 
and  studied®  as  a  means  to  dramatically  lower  frequency 
variations  due  to  electronic  noise  in  the  feedback  element. 
The  reduced  effect  of  electronic  noise  would  be  an  impor¬ 
tant  step  toward  a  successful  cryogenic  oscillator  since  the 
semiconducting  devices  available  to  amplify  microwaves  at 
low  temperatures  (tunnel  diode  and  GaAslTIT  devices)  both 
show  poor  performance  in  oscillator  service.®  This  previous 
work  is  based  on  the  demonstration  that  certain  combina¬ 
tions  of  Q's,  frequencies  and  coupling  constants  result  in  a 
condition  where  the  chosen  eigenfrequency  of  a  system  is 
insensitive  to  the  frequency  of  the  cavity  containing  the 
negative  resistance  element. 

While  the  frequencies  are  accurately  calculated  by  the 
algebraic  approach  used  by  these  authors,  other  properties 
of  the  system,  including  the  energy  balance  between  the 
three  resonators,  are  largely  ignored.  However,  it  can  be 
shown,  both  in  the  framework  developed  by  those  authors 
and  more  generally  as  In  the  following  section,  that  this  con¬ 
dition  of  insensitivity  coincides  with  a  proportionate  reduc¬ 
tion  of  energy  in  the  exciting  cavity. 

We  shall  discuss  a  more  general  approach  in  which  it  is 
shown  that  many  of  the  important  properties  of  such  an 
oscillator  depend  only  on  the  energy  balance  between  the 
various  resonant  elements.  In  particular,  these  properties 
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mclude  frequency  pulling  effects  (eigenmode  shifts  due  to 
perturbations  in  the  various  cavities)  and  power  balence  in 
the  oscillator.  Thus  design  trade-offs  can  be  made  vnthin 
this  framework  without  reference  to  more  detailed  calcula¬ 
tions 

Mode  construction  for  multiple-cavity  systems  is  con¬ 
ventionally  done  by  solving  the  differential  equations  for  the 
classical  variables  (fields)  for  eigenmode  frequencies  in 
terms  of  the  other  frequencies  and  the  coupling  constants. 
These  calculations  are  done,  either  approximately  in  three 
dimensions'”  or  exactly  using  lumped-constant  models," 
with  an  appropriate  combination  of  parameters  chosen  by 
inspection  of  these  solutions  Our  method  uses  instead  the 
quantum-mechanical  variables  of  energy  and  phase  to 
describe  the  interaction  of  the  various  cavities.  Families  of 
cavity  parameters  are  generated  which  are  constrained  to 
require  that  only  one  mode  of  the  system  has  the  necessary 
energy  balance  The  families  can  then  be  inspected  to 
choose  a  solution  for  which  the  frequencies  and  Q's  of  the 
other  eigenmodes  are  most  appropriate  for  oscillator  opera¬ 
tion  Given  the  nature  of  the  negative  resistance  element, 
operation  in  undesircd  modes  can  be  supressed  by  this 
choice  of  solution 

Z.2.  Energy  Balance  Considerationa 

2.2.1.  The  Oscillation  Condition 

In  the  discussion  that  follows,  the  superscripts  a,  and 
y  identify  eigenmodes  of  a  multiple-cavity  system,  and  the 
subscripts  1,  3.  and  3  identify  the  individual  cavities  of  the 
system  Thus,  Ef  is  the  energy  contained  in  cavity  1  due  to 
excitation  of  mode  a  Furthermore,  1  and  j  eu-e  used  as 
counters  for  cavities,  and  tj  is  used  to  count  modes. 

In  this  section  we  shall  demonstrate  that  the  influence 
of  the  properties  of  any  individual  cavity  on  the  properties 
of  a  mode  of  a  coupled-cavity  resonator  depends  on  the 
fraction  of  the  energy  of  the  mode  contained  in  that  cavity 
.More  specifically,  the  effect  of  losses  in  the  cavity  on  overall 
quality  factor  and  detuning  effects  on  the  mode  frequency 
scales  linearly  with  the  cavity  energy,  We  begin  by  consider¬ 
ing  the  contributions  of  the  several  elements  to  the  power 
dissipation  in  the  system 

The  quality  factor  Q  of  einy  mode  or  component  is 
defined  in  terms  of  the  dissipated  pu  '*  stored  energy  E, 
and  frequency  o  by 

f'  =  ^  3) 

.^pplylng  this  to  an  eigenmode  tj  gives 


which  may  also  be  written  as  the  sum  of  its  constituent 
parts 

=  YlPP  *  Y.P5  5) 
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where  are  dissipations  in  the  cavities  2ind  are  losses 
associated  with  the  coupling  elements.  From  3), 

where  E**  and  E^  are  the  energies  associated  with  the  cavi¬ 
ties  and  with  the  coupling  regions  between  them,  respec¬ 
tively,  in  the  mode  rj.  Under  many  circumstances  the  cou¬ 
pling  losses  can  be  ignored  since  the  coupling  energies  E^ 
are  small  (see  appendix)  In  particular  this  will  be  true  it 

On  »  7) 

where  k^=kft  is  a  dimensionless  coupling  constant"  such 
that 


where  (P  is  the  quality  factor  of  the  eigenmode  rj  of  the 
combined  system,  EJ’  is  the  energy  of  the  cavity  i  in  that 
mode,  and  Qi  is  the  quality  factor  of  that  (isolated)  cavity. 
Introducing  the  fractional  energy  in  cavity  i  for  mode  y  as 


9)  becomes 


Eg  =ifc<,VEj’E7  . 

We  esm  then  combine  4)  and  8)  to  obtain 


Equation  11)  shows  that  the  cavities  each  contribute  to  the 
Q  of  the  eigenmode  in  proportion  to  the  fraction  of  the 
energy  that  the  cavity  contains  (More  precisely,  the  cavity 
contributes  to  the  loss  of  the  eigenmode,  (9”)"‘.  in  propor¬ 
tion  to  its  fractional  energy  content ) 

If  a,  jS,  and  y  are  the  three  eigenmodes  of  a  three 
coupled -cavity  resonator,  an  oscillation  will  grow  if  the  Q  of 
one  of  the  modes,  say  y,  is  negative  In  practice,  a  steady 
state  condition  is  achieved  as  the  negative  resistance 
saturates,  given  by  9’’-“  Thus  from  11),  the  steady  state  is 
described  by 

0  =  12) 


2.2.2.  Frequency  Pulling 

The  Boltzman-Ehrenfest  theorem'®  describes  the 
change  in  the  frequency  of  a  resonant  mode  due  to  any  per¬ 
turbation  as  due  to  the  work  done  by  the  perturbation  on 
the  fields  of  the  mode  More  specifically,  the  frequency  and 
energy  in  any  mode  t)  au-e  related  by 

^  13) 
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Since  this  theorem  is  valid  for  any  resonant  system,  it  can 
be  applied  to  the  individual  cavities  separately  as  well  as  to 
a  combined  mode  of  coupled  cavities.  Under  the  condition 
of  weak  coupling,  the  fields  in  each  cavity  can  be  supposed 
to  be  isolated  from  those  in  the  others,  being  characterized 
only  by  the  energy,  phase,  and  shape  of  that  resonator 
Under  these  circumstances,  the  work  done  by  emy  given 
fierturbation  in  cavity  i  will  be  proportional  only  to  Ef,  the 
energy  in  that  cavity  in  the  mode  r).  Considering,  then,  the 
effect  of  the  perturbation  on  the  cavity  itself. 

Ml  Blj 

which,  by  equating  the  work  in  the  two  cases.  AEf  and  hET', 
can  be  combined  with  1 3)  to  give 

^  15) 
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Assuming  m’’  =  ui ,  which  is  approximately  valid  for  the  cases 
of  interest,  this  becomes 


Here  we  have  the  second  result  that  will  be  used  in  the 
design  of  an  oscillator:  the  pulling  of  an  eigenmode  fre¬ 
quency  by  a  cavity  is  proportional  to  the  fractional  energy  it 
contains. 

2.2.3.  OacUlator  Design 

Applying  equations  12)  and  16)  to  the  design  of  a 
negative-resistance  oscillator  consisting  of  two  or  more  cavi¬ 
ties.  the  roles  of  the  high-Q  stabilizing  cavity  and  of  the 
(negative  Q)  exciting  cavity  can  be  stated  as  follows:  Sup¬ 
pose  cavity  1  is  the  exciting  cavity,  number  2  is  the  stabiliz¬ 
ing  cavity,  and  /J  is  a  mode  with  most  of  the  energy  In  cav¬ 
ity  2.  The  fraction  of  energy  in  cavity  1  which  is  necessary 
for  oscillation,  can  be  written  using  12)  as 

=  17) 

FTom  18),  and  solving  17)  for  ef,  this  implies  a  necessary 
sensitivity  to  the  frequency  of  the  exciting  cavity  of 
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for  large  g2/ g]  Thus,  the  high  Q  of  the  stabilizing  cavity 
edlows  a  large  fractional  energy  content,  which  causes  the 
mode  frequency  to  follow  it  very  closely,  and  reduces  fre¬ 
quency  sensitivity  to  the  exciting  cavity.  The  low  negative  Q 
in  the  exciting  cavity  also  determines  the  fractional  energy 
which  it  must  conteun.  For  a  given  negative-resistance 
mechanism,  stronger  coupling  to  the  exciting  cavity  to 
achieve  lower  -gi  will  not  generally  reduce  the  effects  of 
noise  due  to  the  element  itself,  because  the  sensitivity  of 
the  frequency  of  cavity  1  to  the  element  will  also  propor¬ 
tionately  increase  Thus  an  increase  in  AcJi  will  cancel  the 
reduction  in  which  would  otherwise  be  inferred  from  18). 

These  results  are  easily  generalized  to  include  the 
effects  of  losses  in  an  additional  coupling  cavity.  It  is  clear 
that  the  energy  in  that  cavity  should  be  as  low  as  possible  to 
minimize  power  loss  and  frequency  variation  contributions 
by  the  coupling  cavity. 


2.3.  Mode  Construction 

In  this  section  we  first  show  that  a  redefinition  of  the 
cavity  parameters  facilitates  the  discussion  of  coupled  cav¬ 
ity  eigenmodes.  We  then  apply  these  newly  defined  parame¬ 
ters  along  with  the  results  obtained  in  the  last  section  to  the 
well-understood  case  of  two  weakly  coupled  cavities  of  equal 
Q.  Illustrating  the  design  technique  agedn  with  a  second 
example,  we  then  apply  the  formalism  to  the  design  of  a 
three-cavity  oscillator. 
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Figure  1.  Two  models  for  microwave  cavity 
coupl ing 

aj  Coupling  by  shared  volume 
bj  Cross -term  coupling 

2.3.1.  ftucediire 

Microwave  cavities  are  joined  to  form  multiple-cavity 
resonators  by  coupling  them  through  regions  of  shared 
fields.  A  two-cavity  resonator  can  be  thought  of  as  contain¬ 
ing  three  regions:  the  first  unperturbed  cavity;  a  coupling 
volume  where  the  cavity  fields  superpose;  and  the  second 
unperturbed  cavity.  While  It  may  seem  apparent  that  this 
division  is  the  appropriate  starting  point  for  mode  calcula¬ 
tions,  a  slightly  different  starting  point  provides  substantial 


benefits.  Fig.  1)  illustrates  a  comparison  between  the  two 
models.  In  the  discussion  that  follows  we  shall  assume 
"effective"  volumes  V  such  that  the  energy  E  and  field 
amplitude  H  are  related  by 

E  =  Vy-f/*.  19) 

The  effect  of  the  coupling  region  in  Fig,  la)  is  determined  by 
the  extent  that  the  fields  in  the  cavities  contribute  to  the 
coupling  field  //j.  We  define  field  coupling  constants  fijg  and 
h2i  such  that  the  effective  coupling  field  is  given  by; 

Afp  =  +  Agi/Zg  20) 

The  two  frequencies,  three  volumes,  and  two  field 
coefficients  are  the  geometrically  determined  constants 
that  determine  the  properties  of  the  coupled  two-cavity  sys¬ 
tem. 

The  total  energy  in  the  system  can  be  written 

Etof  =  E?  +  Ej  +  E®  21A) 

where  the  energies  in  the  constituent  parts  shown  in  Fig.  la) 
are  given  by 

E?=F,^f  E|=7a^|  21B) 

for  the  cavity  energies,  and 

Ef  =  Fp  21C) 

for  the  coupling  energy,  which  can  be  written 


=  E?a  +  Eji  +  Ep  21D) 

where  Efz  and  E|i  are  the  terms  quadratic  in  Hi  and  H^ 
respectively,  and  Ep  is  a  redefined  coupling  energy  contain¬ 
ing  only  the  cross  term  in  Hi  and  H2 

Identifying  the  two  quadratic  terms  with  the  individual 
resonators,  rather  than  with  the  coupling,  results  in  the 
model  shown  in  Fig.  lb).  This  identification  also  results  in 
redefined  frequencies  for  the  two  resonators  which  are 
perhaps  more  difficult  to  calculate,  but  the  new 
identification  gives  an  effective  coupling  containing  only  a 
single,  symmetric  term.  In  practice,  the  frequencies  of  the 
various  resonators  need  only  to  be  measured  in  the  pres¬ 
ence  of  the  coupling  holes  in  order  to  make  the  proper 
identification.  The  energies  for  the  case  of  Fig.  lb)  can  then 
be  written: 

E|p(  ^  E]  4^  Eg  4-  Ep  22A) 

where  cavity  energies  are  given  by 

E,  =  Ef  4-  Efz  =  |Ff  4-  AfgKp I  ^  Vi 22B) 

Ee  =  E?  4-  EA  =  |vj  4-  Al.Kpj^l  ^ 
with  redefined  volumes  Kj  and  Yg,  and  a  coupling  energy  of 

Ep  =  V^u^ii^giHiHg  22C) 

or 

=  2fc,g>/E;Ei  22D) 

with  k  12  defined  to  be 

In  effect,  this  rearrangement  of  terms  allows  us  to  use  the 
mathematical  procedures  worked  out  for  the  case  of  cou¬ 
pling  by  mutual  inductance  (to  use  a  lumped  circuit  anal¬ 
ogy)  rather  than  those  for  shared  Inductance.  Be  the'*’  was 
the  first  to  point  out  that  the  apparent  assymetry  In  the 
coupling  between  two  resonators  sharing  a  common  wall 
could  be  transformed  away  by  a  frequency  shift. 

For  the  more  general  case  of  any  number  of  coupled 
cavities,  the  work  done  on  the  coupUj^  by  eech  resonator 
can  now  be  shown  to  be  given  by 

iE,  =  F.Av/f*  24) 
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which  gives  with  33),  assuming  a  sinusoidal  excited  mode, 

2*ycj\/EiEjSin(uOcos(««  +  25) 

where  jOy  is  the  phase  difference  between  the  fields  in  the 
two  cavities.  The  effect  of  this  energy  exchange  with  the 
coupling  has  qualitatively  different  effects  depending  on  the 
value  assumed  by  jpy ,  itself  a  result  of  the  initial  conditions. 
If  jSy  is  an  odd  multiple  of  7t/2,  25)  gives  a  sine-squared 
time  dependence  for  the  work  on  the  cavity  with  a  sign  that 
reverses  between  the  cavities,  since  Thus,  if  the 

fields  in  the  cavities  are  out  of  phase  by  an  odd  multiple  of 
Tr/2,  real  power  flows  between  them,  because  the  sine- 
squau-ed  time  dependence  inferred  from  25)  has  an  average 
value  of  1  /2.  The  average  power  flow  becomes 

Py  =  ~Pfi  =  ±fcyW>/E<Ej  26) 

for  the  transfer  of  energy  between  the  cavities.  These 
"sloshing"  modes  of  coupled  cavities  are  a  familiar  result  of 
mixed  mode  excitation. 

A  similar,  but  more  surprising,  result  follows  when  the 
cavities  are  operated  exactly  in  or  out  of  phase,  i.e.,  when 
(Py  is  a  multiple  of  rr.  In  these  cases,  only  reactive  power 
flows  at  twice  the  operating  frequency,  the  product  of  sine 
and  cosine  in  25)  having  an  avereige  value  of  0.  However,  the 
phase  of  the  power  flow  causes  the  cavities  to  be  detuned 
from  their  natural  operating  frequencies  by  an  amount 


with  the  sign  determined  by  the  symmetry  and  nature  of 
the  coupling  (whether  magnetic,  as  our  examples,  or  elec¬ 
tric),  The  sign  is  the  same  for  each  cavity,  since  for  these 
values  of  ^y  the  cosine  term  in  25)  is  unchanged  by  the  sign 
reversal  implied  by  interchanging  i  and  j.  Detuning  occurs, 
in  the  l£mguage  of  the  lumped-constant  analogue,  because 
the  exchange  of  energy  with  the  coupling  element  derived 
from  25)  is  exactly  the  same  as  for  a  reactive  tuning  ele¬ 
ment.  The  detuning  is  either  capacitive  or  Inductive  for 
both  cavities,  tuning  each  of  them  to  the  same  side  of  their 
natural  frequency. 

Exchemging  i  and  j  in  27)  and  dividing. 


f!Sf_  _ 

uj,  E, 


28) 


gives  the  relative  detuning  of  any  two  cavities,  a  relation 
fundamental  to  our  design  procedure. 

Equations  26)  and  27)  predict  the  time  evolution  of  the 
fields  in  coupled  cavities.  Given  only  the  energy  and  phases 
in  the  cavities,  energy  will  transfer  between  them  at  a  rate 
given  by  26)  for  odd  phases,  and  the  phase  in  each  one  will 
precess  at  a  rate  given  by  27)  for  even  phases.  In  this  con¬ 
text.  an  eigenmode,  being  a  stationary  state,  must  have  an 
even  phase  between  the  cavities  (or  their  energy  would 
vary)  and  the  energy  ratio  between  them  must  be  such  that 
they  tune  one  another  to  the  aame  frequency,  the  frequency 
of  the  eigenmode. 

This  powerful  result  can  be  used  to  construct,  almost 
by  inspection  a  mode  with  any  given  energy  distribution  in 
a  multiple  cavity  system.  The  eigenfrequency  is  defined  by: 

=  “i  +  S  "U  =  "8  +  2  "?/  =  29) 

fei  je? 

where  the  various  Uy  terms  are  calculated  with  u=u’'  in 
equation  27).  given  the  various  energy  ratios  of  the  cavities 
to  which  any  specified  cavity  is  coupled. 


2.3.2.  A  TwoCavity  Example 

While  the  eigenfrequencles  calculated  by  this  pro¬ 
cedure  etre  the  same,  for  two  cavities,  as  those  given  in  stan¬ 
dard  reference  works.*'  we  present  this  simple  example  as 
an  Illustration  of  the  procedures  we  shall  use  to  design  the 
more  complicated  three-cavity  system.  Fig  2a)  shows  the 
frequency  response  of  a  two-cavity  resonator  with  equal  Q's 
together  with  an  identification  of  the  various  frequencies 
characteristic  of  the  system.  In  this  and  the  other  exam¬ 
ples  which  follow,  we  assume  that  the  coupling  is  weak 
(Ay  =  kfi  <C  1)  and  that  all  frequency  differences  are  small 
compared  to  the  frequency  Itself.  Qgenfrequencies  u*  and 
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Figure  2.  a)  Frequency  response  of  two 
coupled  cavities 


b) ,c)  Eigenfrequency  diagrams 


t/  result  from  the  detuning  of  the  resonators  from  their 
natural  frequencies  as  illustrated  in  lb)  and  Ic).  The 
energy  distribution  characteristic  of  this  mode  is  at  once 
apparent  by  applying  equation  28)  to  the  various  frequency 
differences. 


Defining  the  energy  ratio  between  two  cavities  in  any 
mode  t;  by 


30) 


equations  27)  and  29)  become,  setting  fc,2  =  fee,  =  fc,  u  = 


fccj”  1 

2  Vift 


31) 


taking  the  negative  sign  for  the  mode  given  by  r)=a.  and  the 
positive  sign  for  mode  p.  These  differences  can  be  combined 
to  form 

(w”  -  -  Q.)  =  32) 

4 

as  expected  for  two  resonators  coupled  by  a  mutual  induc¬ 
tance.  This  quadratic  equation  can  be  solved  for  its  two 
roots,  giving 

+  c/  =  O]  +  a>g  33A) 


and 


[u*  -  c/  =  Ju,  -  Ug  *  +  +  uf 


33B) 


for  the  sum  and  difference  of  the  eigenmode  frequencies  for 
k  small.  These  relations  can  be  combined  with  28)  to  give 


= 


1  ({/  -  CJ*)  i.  (cJi  -  t)g) 

eg,  (o'  -  «")  i  (wg  -  Wj) 


34) 


for  the  energy  ratios  between  cavities,  where  the  +  terms 
refer  to  the  mode  given  by  ij  =  a  and  the  -  terms  to  mode  fl. 
Fig.  3  shows  a  plot  of  this  function:  the  example  Illustrated 
in  Fig.  2  corresponds  to  Inductive  coupling  and 
fc«^  =  tjg-Wi  (1  on  the  abscissa  of  Fig.  3),  jdelding  an 
energy  ratio  of  about  5.6. 
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K;4i-irc  3.  Cavity  energy  ratios  for  two  coupled 
cavities 


Resonator  1  Resonator  2 


b) 


(JJa 

(out  of  phase) 


± 


(in  phase) 


a»,  ,  a»2 

rigure  4.  Two  identical  cavities  coupled  by  an 
orifice  in  a  thin  shared  wall 

al  Configuration 

b)  Identification  of  eigenfrequencies, 
cavity  frequencies,  and  original 
cavity  frequencies 


A  further  example  is  shown  in  Fig.  4.  If  two  identical 
cavities  are  coupled  by  a  thin  orifice  as  shown,  one  of  the 
modes  of  the  system  is  seen  by  inspection  to  have  the  same 
frequency  as  that  of  the  uncoupled  cavities.  From  sym¬ 
metry,  both  cavities  are  detuned  the  same  amount  by  the 
presence  of  the  orifice,  and  from  33A),  the  mode  picture  is 
symmetric  about  the  detuned  cavity  frequencies  and  the 
eigenmode  splitting  is  just  iu,.  The  result  apparent  from 
Fig.  4,  fccji  =  2((y?  -  Ui)  can  be  generalized  to  give 

fcy(Oi  +  cjj)  =  -  Ui){u}  -  Uj)  35) 

for  the  coupling  between  any  two  cavities  coupled  by  a  thin 
orifice  and  aligned  fields.  Thus  the  coupling  through  a  thin 
orifice  of  any  shape  can  be  related  in  a  simple  manner  to 
the  frequency  shifts  induced  in  the  coupled  cavities  by  the 
orifice 
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Figure  5.  Model  for  three-cavity  maser,  showing 
design  parameters  on  left,  calculated 
constants  on  right.  Consequences 
of  var-ious  design  features  shown 
below 


2.3.3.  Design  of  a  Three  Cavity  Oacillator 

Pig.  5  illustrates  the  design  parameters  for  the  three- 
cavity  ruby  maser  oscillator  presently  under  construction. 
We  identify  the  three  modes  of  the  system  as  a,  /5,  and  7 
having  their  largest  energy  in  resonators  1,  2,  and  3  respec¬ 
tively.  with  mode  7  the  desired  stabilized  mode.  On  the  left 
are  shown  the  parameters  for  this  mode  pertaining  to 
energy  balance  considerations,  and  on  the  right  are  the  fre¬ 
quencies  and  couplings  which  we  calculate  to  allow  the 
energy  balance  required,  while  maintaining  a  SX  mode  split¬ 
ting.  The  values  for  the  various  quality  factors  are  conser¬ 
vative  estimates  of  values  we  expect  to  be  able  to  attain  In  a 
flret  experiment.  The  (negative)  Q  for  the  pumped  ruby  is 
representative  of  values  that  we  have  obtained  using  similar 
one-  and  two-cavity  maser  oscillators,  as  are  the  Q's  of  the 
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normal  resonators  Superconducting  Q's  are  discussed  else¬ 
where  in  this  paper.  The  fractional  energy  in  the  coupling 
cavity  ez  was  set  equal  to  that  in  the  ruby  cavity  to  con¬ 
strain  the  configuration  parameters  within  the  region  of 
validity  of  the  approximations  we  have  made.  With  this  con¬ 
straint,  the  energy  fractions  Sj  and  £2  were  chosen  nearly  as 
small  as  possible  to  allow  oscillation  in  mode  7,  using  the 
requirement  that  CC  be  negative  in  equation  11).  Under  the 
conditions  shown  in  Fig.  5,  the  breedi-even  condition  given  by 
12)  would  allow  a  value  tor  the  ruby  cavity  Q  of 

C,  =  [(3000)-'  +  (-375)'*]  '  .  36) 

that  is,  a  cavity  Q  of  3000  and  a  Q  for  the  ruby  itself  of  -375. 
The  resulting  unavoidable  sensitivity  of  the  mode  frequency 
to  the  various  parts  is  shown  at  the  bottom,  as  calculated 
from  16). 
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Figure  6.  a)  Frequency  response  of  three-cavity 
resonator.  Response  bandwidth 
of  high  Q  mode  not  shown.  Cavity 
frequencies  and  eigenfrequencies 
identified 


b)  Table  of  fractional  energy  in  each 
cavity  for  the  three  modes 

c)  bigenfrequency  diagram  for  high-Q 
mode 


The  mode  structure  for  this  system  is  shown  in  Fig.  6  a) 
and  the  energy  distribution  for  the  modes  in  6  b).  These 
results  were  obtained  by  a  successive  application  of  equa¬ 
tions  29)  emd  27),  together  with  the  requirement  of  equal  5% 
spacing  between  u,,  Uy,  and  up,  as  illustrated  by  Fig.  6  a). 
f\g.  6  c)  illustrates  the  terms  in  equation  29)  as  applied  to 
the  mode  7.  These  become 

u’’  =  Ui  +  uJi  =  ut  uii  +  uia  =  U3  +  uSt  3T) 


and  the  frequencies  can  be  found  by  application  of  equation 
28); 


uji  _  t?  _  j 
uh  tj 


38) 


uh  _ 

~  e? 


=  2- 10“ 


given  the  energy  bidance  shown  In  Fig  5.  Thus  It  is  seen  that 
In  the  operating  eigenmode  7,  cavity  1  is  tuned  3.5X  high  by 
Its  coupling  with  cavity  2:  cavity  2,  teing  already  3.5X  higher 
than  the  operating  frequency  is  tuned  3.5%  higher  yet  by  its 
coupling  to  cavity  1,  and  must  be  tuned  down  approximately 


7%  by  cavity  3.  Finally,  cavity  3  is  tuned  down  7%x5-  lO’*  by 
the  action  of  cavity  2.  The  coupling  constants  that  accom¬ 
plish  this  tuning  are  found  by  application  of  equation  27). 
Given  these  coupling  constants,  the  frequencies  of  modes  a 
and  /3  are  found  using  diagrams  similar  to  Fig.  6  c). 

3.  Heasurementa  of  frequency  pulling  and  stability 

Contributions  to  the  frequency  error  in  a  hlgh-Q  oscilla¬ 
tor  system  fall  into  two  categories:  Those  due  to  variations 
in  the  natural  resonemt  frequency  of  the  stabilizing  cavity, 
and  those  due  to  variations  within  the  bandwidth  of  the  cav¬ 
ity  caused  by  elements  other  than  the  cavity.  The  preced¬ 
ing  analysis  of  the  multicavity  oscillator  shows  that  a  proper 
arrangement  of  frequencies  in  the  cavities  and  of  the  cou¬ 
pling  between  the  cavities  will  distribute  the  energy  of  the 
mode  excited  in  a  way  that  will  reduce  sensitivity  to  fre¬ 
quency  pulling  effects  while  still  allowing  oscillation.  Of 
course,  the  disturbance  of  the  oscillator  frequency  by  the 
instability  in  the  pulling  element  is  similarly  reduced  The 
problem  remains  to  ch2U'acterize  the  magnitudes  of  the  fre¬ 
quency  pulling  effects  so  that  oscillation  stability  resulting 
from  the  design  can  be  predicted.  These  magnitudes  would 
be  very  small  in  an  oscillator  utilizing  a  high-Q  stabilizing 
cavity,  small  enough  to  demand  highly  stable  and  expensive 
comparison  oscillators  to  measure  the  frequency  shifts.  To 
allow  us  to  measure  these  effects  with  a  modest  eirrange- 
ment  of  test  equipment,  we  constructed  a  ruby  maser  oscil¬ 
lator  with  cavities  of  low  Q.  Because  the  frequency  error 
caused  by  these  frequency  pulling  effects  will  be  reduced  as 
Q'*  for  higher  Q  systems,  measurements  of  a  stability  of 
10^'®  with  a  Q  of  100  allows  extrapolation  of  these  effects  to 
a  stability  of  10‘”  at  a  Q  of  10*. 

Disturbing  effects  that  can  be  studied  in  this  way 
include  those  due  to  output  voltage  standing  wave  ratio 
(VSWR)  and  a  number  of  effects  due  to  the  ruby  itself.  The 
ruby  properties  that  are  of  concern  are  possible  1/f  noise, 
possible  pulling  effects  of  the  pump  signal  amplitude  and 
frequency,  the  previously  discussed  magnetic  field  pulling, 
and  fluctuations  in  the  ruby  characterized  by  its  effective 
noise  temperature  (white  noise).  Of  particular  interest  and 
concern  in  this  regard  was  the  possibility  of  substantial  1  /f 
type  modulation  noise  in  the  ruby,  because  no  experiments 
have  been  previously  conducted  that  place  significant  limits 
on  such  noise.  An  excessive  amount  of  such  noise  would 
place  a  Q-dependent  limit  to  the  stability  edlowed  by  the 
oscillator,  and  might  indicate  that  a  very  high  Q  (10‘®  or 
above)  was  necessary,  ruling  out  the  use  of  a  sapphire-filled 
resonator. 

An  apparatus  was  set  up  to  allow  measurements  of  the 
frequency  stability  in  a  ruby  maser  oscillator,  and  a  two- 
cavity  coupled  oscillator  system  was  also  constructed  to 
study  the  performance  of  coupled  systems  and  to  test  the 
Q-dependence  of  the  pulling  effects.  The  various  aspects  of 
the  oscillator  were  treated  with  differing  degrees  of  care. 
The  superconducting  magnet  was  ceu-efully  constructed  as  a 
first  attempt  at  what  might  be  used  in  the  final  system.  The 
ruby  itself  has  been  previously  used  in  amplifier  service,  and 
can  be  expected  to  be  a  good  example  of  what  is  available. 
The  signal  coupling  line,  however,  was  not  constructed  for 
stablest  V5WR,  but  was  designed  to  allow  a  wide  range  of 
coupling  strengths.  Similarly,  the  pump  signal  source  has 
poor  amplitude  and  frequency  stability.  The  results  to  be 
described  serve  to  place  an  upper  limit  on  the  frequency 
stability  and  pulling,  but  do  not  represent  the  best  that  can 
be  obtained  with  this  technique.  Preliminary  results  were 
reported  at  a  previous  conference.® 

3.1.  Description  of  the  low-Q  oscUlator 

Figure  7  is  a  drawing  of  the  cavity  region  of  the  low-Q 
oscillator  apparatus.  The  configuration  shown  has  two  cou¬ 
pled  coaxial  cavities  with  the  ruby  material  located  in  the 
upper  cavity.  An  arrangement  with  only  the  ruby-filled 
upper  cavity  that  has  also  been  used  to  make  frequency  pul¬ 
ling  and  stability  measurements  will  be  described  in  a  later 
section  of  this  paper. 


441 


Figure  7.  Two-cavity  maser 


The  outer  wall  (3)  of  the  oscillator  probe  serves  both  as 
the  waveguide  for  the  pump  signal  (~13GHz)  and  as  the 
outer  conductor  of  a  coaxial  transmission  line  for  the  oscil¬ 
lation  signal  (~3.7GHz):  the  inner  conductor  (1)  of  the  coax¬ 
ial  transmission  line  can  be  adjusted  vertically  at  the  lop  of 
the  probe  to  allow  the  coupling  strength  to  the  upper  cavity 
to  be  varied.  The  ruby  crystal  (3)  has  dimensions  1.0  cm 
outer  diameter  and  1.15  cm  length.  The  height  of  the  outer 
cavity  wall  (5),  the  lengths  of  the  center  posts  (4)  and  (7), 
and  the  size  of  the  coupling  holes  (6)  were  adjusted  to  pro¬ 
vide  the  energy  distribution  euid  the  frequency  splitting 
desired.  A  superconducting  magnet  (9)  supplies  the  mag¬ 
netic  field  to  split  the  chromium  ions'  energy  levels  to  the 
frequency  of  the  resonant  mode  that  we  vrtsh  to  excite. 

When  the  magnet  is  not  on,  a  signal  applied  to  the  coax 
can  be  used  to  And  the  resonant  frequencies  of  the  cavity 
system,  and  adjusting  the  coupling  strength  to  obtain  criti¬ 
cal  coupling  allows  the  Q's  of  the  modes  to  be  measured. 
When  the  magnet  is  turned  on  and  tuned  so  the  level  split¬ 
ting  equals  the  frequency  of  one  of  the  cavity  modes,  strong 
absorption  occurs  and  the  mode  Q  is  greatly  reduced.  With 
the  magnetic  Held  set  near  the  peak  of  the  absorption-Reld 
curve,  applying  a  pump  signal  of  ~13GHz  causes  an  inversion 
of  the  spin  populations,  giving  the  negative  resistance  that 
stimulates  oscillation.  When  the  stability  of  the  oscillations 
Is  being  measured,  the  coupling  probe  (1)  is  backed  off  to 
provide  rather  weak  coupling  to  the  cavity  signal. 

In  the  earlier  measurements,  the  pump  signal  was  sup¬ 
plied  by  a  Hewlett-Packard  8690A  sweep  oscillator.  In  later 
work,  this  source  was  replaced  by  a  klystron  whose  fre¬ 
quency  could  be  stabilized;  compeu-isons  of  the  results  will 
be  made.  After  ampliflcation  the  oscillator  signal  is  mixed 
ii  "n  Hewlett-Packard  934A  harmonic  mixer  with  a  signal 


from  an  Ailtech  360D11  frequency  synthesizer.  The  low  fre¬ 
quency  output  is  further  amplified  emd  then  is  continuously 
seunpled  both  by  a  Hewlett-Packard  5345M  counter  and  by  a 
Digital  Equipment  Corporation  PDP  11/34  computer.  A 
chart  recording  of  the  counter  output  provides  a  quick 
check  of  the  oscillator's  stability  and  drift,  while  statistical 
stability  analysis  is  carried  out  on  the  computer  system. 

By  measuring  the  lowest  resonant  frequencies  of  e^u;h 
cavity  alone  and  of  the  two  coupled  modes,  the  energy  split¬ 
ting  between  the  modes  and  the  coupling  strength  between 
the  cavities  can  be  determined.  The  two  coupled  cavity 
arrangement  had  a  coupling  strength  of  3.5%.  The  stabilized 
mode  had  85%  of  the  energy  in  the  stabilizing  cavity  and  15% 
in  the  ruby-filled  cavity,  while  the  other  mode  had  the  oppo¬ 
site  ratio. 

3.2.  Reaulta  of  Ttequency  SlabiUty  Measurementa 

3.2. 1.  Measurements  in  the  Two-cavity  Coofiguratiim 

To  allow  a  range  of  Q  values  to  be  studied,  and  to  facili¬ 
tate  stimulation  of  oscillation,  the  areas  of  the  two-cavity 
system  that  are  drawn  with  heavy  lines  in  Fig.  7  were  plated 
with  superconductor  (lead).  Even  though  the  superconduc¬ 
tor  was  placed  In  a  rather  high  magnetic  field,  the  film 
reduced  the  losses  on  the  plated  surfaces  and  allowed 
higher  Q  values  to  be  obtained.  With  this  lower  loss  condi¬ 
tion,  the  stabilized  mode  oscillated  at  2,71GHz  when  cooled 
to  temperatures  below  4.2K.  The  upper  cavity  had  its  outer 
wall  not  plated  with  superconductor,  so  the  mode  at  2.87GHz 
with  most  of  the  energy  in  the  upper  cavity  displayed  lower 
Q  than  the  stabilized  mode. 


T  (seconds) 

Figure  8.  Allen  variance  of  frequency  noise 
measured  for  cavity  masers 

a)  Low-Q  single-cavity  maser  with 
locked  punp  frequency 

b)  Two-cavity  maser  with  unlocked 
pump  frequency 

Part  (b)  of  Fig.  8  shows  examples  of  Allan  variances  of 
df/t  calculated  from  the  data  obtained  with  the  two-cavity 
configuration  under  various  conditions.  Note  that  cooling 
the  ruby  to  3.2K  and  improving  the  cavity  Q  from  25,000  to 
70,000  do  not  yield  improvement  In  the  lowest  observed  a 
values.  We  conclude  that  the  limiting  stabilities  observed 
are  not  characteristic  of  the  ruby  maser,  but  rather  are 
caused  by  some  other  device  in  the  measuring  system.  In 
fact,  subsequent  measurements  of  the  stability  of  the 
measuring  system  showed  that  the  frequency  sratheslzer 
exhibited  stability  at  the  levels  shown  in  Fig.  8(b).  If  the 
data  for  the  curve  labelled  NV3321  are  extrapolated  to  Q  = 
10®,  the  Af/f  wiO”'®  shown  in  Fig.  8  would  be  reduced  to  Af /f 
wSxlO'**. 
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Obviously  we  cannot  attain  such  extrapolated  frequency 
stabilities  in  the  present  apparatus,  although  the  principle 
obstacles  are  not  so  apparent.  Distortions  of  the  copper 
cavities,  caused  by  changes  in  the  pressure  above  the  liquid 
helium,  by  changing  height  of  the  helium  bath,  and  by  ther¬ 
mal  expansion  due  to  temperature  instability,  result  in  fre¬ 
quency  instabilities  near  the  10”"  level  at  t  =  Is.  These 
effects  point  to  the  requirement  to  place  the  cavities  in  an 
evacuated  space  and  to  use  the  thermally  and  mechanically 
stable  sapphire  as  the  support  material  for  the  high-Q  cav¬ 
ity.  A  further  deflctenoy  of  this  test  appecatus  is  the  insta¬ 
bility  of  the  adjustable  coupling  probe  ((1)  in  Fig.  7).  A  con¬ 
siderable  reduction  in  response  to  vibrational  disturbances 
was  obtained  by  placing  damping  material  around  the  room 
temperature  portion  of  this  probe.  Additionally,  a  fre¬ 
quency  drift  weis  observed  to  follow  the  change  in  liquid 
nitrogen  level  surrounding  the  helium  dewar  of  the  cryostat. 
Almost  all  the  instability  shown  in  Fig.  8  beyond  t  =  10s  can 
be  attributed  to  this  source  of  frequency  drift.  A  major 
benefit  of  employing  an  all-cryogenic  oscillator  design  is  to 
avoid  such  response  of  the  oscillator  frequency  to  the  tem¬ 
perature  profile  on  transmission  paths  to  room  temperature 
electronics.  The  oscillator  design  to  be  described  below  will 
have  fixed,  stable  output  signal  coupling,  vrlth  40  dB  of  isola¬ 
tion  from  VSWR  changes  on  the  output  coax  provided  by 
cryogenic  isolators'®  placed  inside  the  vacuum  can  at  4.2K. 

The  Hewlett-Packard  8690A  sweep  oscillator  used  as  a 
pump  source  for  these  measurements  was  found  to  have 
great  effect  on  the  measured  values  of  frequency  and  on  fre¬ 
quency  stability.  The  best  data  were  acquired  by  carefully 
tuning  this  pump  source  to  minimize  the  frequency  pulling 
effects.  The  response  of  the  oscillator  frequency  to  changes 
in  pump  signal  frequency  and  pump  signal  amplitude  were 
measured  to  determine  the  required  stabilization  of  the 
pump  signal  source  for  a  high-stability  system.  The  meas¬ 
ured  response  to  pump  signal  frequency  changes,  for  Q  = 
5000,  is 

^  =5X10”*^  39) 

/  o«e  /  jpump 

while  the  response  to  pump  signal  amplitude  (power  P) 
changes  at  Q  =  5000  is 
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Both  of  these  responses  were  observed  to  scale  with  Q"'  over 
the  rauige  of  Q-values  examined  (5,000  to  70,000),  a  point  of 
some  Importance  to  our  extrapolations.  These  results  imply 
that,  to  achieve  a  stability  of  10”"  at  a  Q  of  10*,  the  pump 
frequency  must  be  stable  to  four  parts  in  10*  and  the  pump 
amplitude  must  be  stable  to  one  part  in  10®  over  the 
measuring  time  t.  The  pump  frequency  stability  is  readily 
attainable  with  stabilizers  that  lock  the  microwave  source  to 
a  quartz  frequency  standard,  or  could  be  managed  by  syn¬ 
thesizing  a  pump  signal  from  the  oscillator  ou^ut.  The 
pump  signal  amplitude  stability  required  for  10”''  stability 
is  more  challenging,  and  will  not  be  attained  in  the  design  to 
be  described  below,  which  is  intended  to  reach  a  10”'®  oscil¬ 
lator  stability  level.  The  cause  of  this  response  to  pump 
amplitude  is  probably  inhomogeneity  of  the  magnetic  field 
at  the  ruby.  It  is  expected  that  the  high-stability  oscillator 
being  built  will  demonstrate  improved  stability  against 
pump  amplitude  changes  beyond  that  dictated  by  higher  Q. 

Careful  tests  of  the  change  of  oscillator  frequency  with 
change  in  the  magnetic  field  were  conducted  to  check  our 
understanding  of  frequency  pulling  effects  and  their  depen¬ 
dence  on  Q.  For  the  unstabilized  mode  with  Q  =  6,000,  the 
fractional  frequency  pulling  was  found  to  be 
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and  this  value  also  scaled  ^ls  Q”'  for  the  other  oscillation 
conditions  measured.  This  value  implies  that.  In  order  to 
achieve  10”'''  stability  with  a  cavity  Q  of  10*,the  magnetic 
field  must  not  have  a  fractional  variation  larger  than  10”* 
over  the  measuring  time  t.  This  field  stability  can  be 
achieved  using  a  superconducting  magnet  operating  in  per¬ 
sistent  mode,  and  having  superconducting  sUelds  to  attenu¬ 


Pump  Attenuation 

Figure  9.  Maser  output  power  vs  uncalibrated 
pump  signal 


ate  ambient  field  variations. 

The  output  power  of  the  oscillator  is  shown  in  Fig.  9  for 
a  range  of  applied  pump  power,  with  the  magnetic  field 
tuned  to  optimum.  Zero  attenuation  of  the  pump  signal 
corresponds  to  -“100  milliwatts  of  pump  power  at  the  top  of 
the  oscillator  probe.  The  maximum  output  power  in  the 
region  of  saturation  is  0.5x10”''  watt,  a  level  well  within  our 
design  requirements.  Therefore,  the  ruby  volume  will  not 
need  to  be  changed  substantially  in  the  final  configuration  of 
the  oscillator. 

3.2.2.  Heasurements  in  the  One-cavity  Canflgnratian 

The  results  discussed  above  for  the  two-cavity  oscillator 
indicate  that  distortion  of  the  magnetic  field  uniformity  at 
the  ruby  could  be  causing  the  rather  lairge  response  of  the 
osculation  frequency  to  pump  amplitude  cfaianges.  One 
source  of  field  distortion  is  the  superconductor  on  the 
center-post  and  base  of  the  ruby-filled  cavity.  As  well,  the 
modest  stability  of  the  measuring  system  indicates  the  need 
to  use  a  cavity  of  lower  Q  so  the  measured  stability  level  will 
not  be  limited  by  the  measuring  system  rather  than  by  the 
oscillator.  The  stability  and  frequency  pulling  measure¬ 
ments  were  repeated  with  an  oscillator  system  having  a  cav¬ 
ity  of  lower  Q.  Since  the  previous  tests  established  the  per¬ 
formance  of  a  coupled-cavity  oscillator  system,  a  single¬ 
cavity  oscillator  was  built. 

Use  was  made  of  the  same  oscillator  probe  employed 
for  the  two-cavity  measurements  by  merely  replacing  the 
base  and  center  post  of  the  ruby-filled  cavity  by  one  made  of 
brass,  with  no  coupling  holes  In  the  base  and  no  second  cav¬ 
ity.  While  a  Q  of  several  hundred  had  been  expected,  the 
measured  value  was  Q  =  1100,  which  was  found  to  be 
independent  of  temperature  over  the  range  of  4.2K  to  1.5K. 

The  only  other  modification  made  to  the  oscillator  sys¬ 
tem  was  to  use  a  klystron'*  oscillator  for  the  pump  signal 
source,  and  to  stabilize  the  frequency  of  the  klystron  with  a 
quartz  crystal  frequency  stabilizer'®.  Without  the  stabilizer 
the  klystron's  frequency  output  at  ~13GHz  fluctuates  by 
several  kilohertz.  When  the  stabilizer  is  applied  to  lock  the 
microwave  frequency  to  the  quartz  crystal’s  frequency,  the 
measured  fluctuations  are  ~10Hz  at  t  =  Is  and  ~50Hz  at 
T  =  10®8.  This  improved  pump  signal  frequency  stability  was 
a  significant  benefit  to  the  measured  oscillator  stability  lev¬ 
els.  Note  also  that  this  pump  signal  frequency  stability 
satisfies  the  requirement  of  4  parts  in  10*  cited  above  to 
allow  the  oscillator  to  reach  10”'''  stability  with  a  cavity  Q  of 
10*. 

Part  ’  Fig.  8  shows  the  results  of  measurements  of 
oscillator  ’  lency  stability  made  with  this  system.  The 
Improvemci.  shown  upon  reducing  the  temperature  indi¬ 
cates  that  the  meeisured  instabilities  are  characteristic  of 
properties  of  the  maser  oscillator  system  to  some  extent. 
Again  extrapolating  the  low-temperature  data  (the  curve 
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labelled  JA2619  in  Ihe  figure)  lo  a  cavity  Q  of  10®  would 
Imply  that  a  stability  level  of  BxlO  ”  could  be  achieved  at 
T  =  Is. 

While  this  high  stability  is  indicated  without  any  need 
(or  improved  pump  signal  stability,  the  averaging  lime  at 
which  high  stability  is  desired  is  in  the  range  t>.  lO^s  The 
data  show  that  the  long-term  stability  values  in  these  meas¬ 
urements  suffer  from  drift,  caused  principally  by  the  chang¬ 
ing  temperature  profile  on  the  transmission  lines.  We 
expect  that  the  different  arrangement  for  coupling  out  the 
oscillation  signal  that  will  be  used  in  the  oscillator  being 
built  will  eliminate  this  source  of  drift  and  will  allow  the 
improved  stabilities  lo  be  obtained  at  longer  measuring 
times  T 

The  removal  of  superconductor  from  the  region  near 
the  ruby  did  not  reduce  significantly  the  effect  of  frequency 
pulling  by  changes  in  pump  signail  amplitude  Since  the 
pump  amplitude  was  not  stabilized  in  the  measurements 
reported  here,  we  believe  that  the  lowest  instability  vzilues 
may  have  been  determined  by  this  source  of  disturbance. 
Therefore,  we  would  expect  lo  measure  smaller  values  of 
A(/f  if  an  amplitude-stabilized  pump  source  is  used  Ampli¬ 
tude  stabilization  to  one  part  in  10^  is  being  arranged  (or 
the  high-stability  oscillator  being  built  Amplitude  stabiliza¬ 
tion  to  a  few  parts  in  10°  can  be  managed  with  considerable 
effort  and  expense. 

4.  The  Superconducting  Cavity 

4.1.  Cavity  Design 

With  the  promise  of  much  greater  electronic  stability 
allowed  by  an  all-cryogenic  oscillator  design,  the  relation¬ 
ship  of  the  cavity  Q  lo  the  overall  design  changes  somewhat 
compared  lo  other  SCSO  designs  In  particular,  a  lower  Q 
might  be  advantageous  if  it  allowed  substantially  higher  fre¬ 
quency  stability  to  be  attained  in  the  cavity  This  trade-off 
seems  to  be  possible  by  the  use  of  a  superconduclor-on- 
sapphire  resonator  when  operated  at  temperatures  some¬ 
what  lower  than  has  previously  been  employed.  While  the 
thermal  coefficient  of  expansion  of  solids  follows  a  depen¬ 
dence  at  low  temperatures,  the  penetration  depth  of  the 
superconductor,  which  also  determines  the  effective  size  of 
the  resonator,  shows  a  much  more  rapid  exponential  tem¬ 
perature  dependence  Thus,  for  a  solid  niobium  cavity,  the 
frequency  variation  with  temperature  decreases  rapidly  as 
the  temperature  is  reduced  down  lo  a  temperature  of 
approximately  I  2&K,  below  which  the  relatively  slowly  vary¬ 
ing  T°  dependence  of  thermal  expansion  is  dominant.” 
When  the  physical  size  is  determined  by  the  characteristics 
of  sapphire,  the  value  of  the  contribution  from  thermal 
expansion  is  reduced  by  more  than  100  Assuming  the 
superconducting  character  of  niobium  is  unchanged  in 
applying  a  thin  film  on  a  sapphire  substrate,  reduction  in 
operating  temperature  to  0  9K  would  still  show  the  rapid 
exponential  decrease  in  sensitivity  lo  thermal  variations, 
resulting  in  an  overall  improvement  of  thermal  sensitivity 
from  ~10'"/K  lo  10  '”/K. 

We  have  measured  the  highest  Q  reported  lo  dale  in  a 
sapphire-ftlled  superconducting  cavity  (Q>10®)  and  present 
details  in  the  following  section.  Such  a  resonator  would 
additionally  be  stronger  and  lighter  than  a  solid  niobium 
cavity,  giving  a  reduction  in  the  shift  caused  by  gravity 
forces  by  10  times  A  further  advantage  of  the  sapphire 
based  resonator  is  that  its  large  dielectric  constant  (e~10) 
allows  operation  at  a  convenient  frequency  (~3GHz)  with 
modest  dimensions  (overall  diameter  <  7  b  cm) 

4.2.  Heaauretnenta  of  the  Cavity  Umsea 

To  obtain  the  high  cavity  required  by  the  design,  vari¬ 
ous  sapphire  materials  have  been  examined  for  their  elec¬ 
tromagnetic  losses  at  frequencies  near  2.7GHz  and  at  tem¬ 
peratures  below  4  2K  Samples  with  losses  below  10  *  have 
previously  been  described  ’•  A  recently  acquired  new  sam¬ 
ple  has  shown  signlflcanlly  lower  losses  than  those  previ¬ 
ously  reported,  the  loss  tangent  reaching  land  =  7.0x10 
at  the  temperature  of  1  5K  The  actual  material  that  will  be 
used  in  the  cavity  of  the  high-slabilily  oscillator  has  not  yet 
been  delivered  by  the  supplier,  so  we  have  not  had  the 
opportunity  lo  characterize  Us  losses  Sapphire  material  of 


the  same  sort  and  from  the  same  supplier”  as  the  lowest- 
loss  material  has  been  ordered. 

In  measuring  the  sapphire  losses,  the  samples  are 
placed  inside  a  lead-coaled  copper  cavity  and  the  decay 
lime  of  the  cavity-sapphire  system  is  measured.  Since  ini¬ 
tially  lead  will  also  be  used  to  coat  the  sapphire  substrate  in 
forming  the  stabilizing  cavity,  the  very  low  loss  values 
reported  above  are  sufficient  evidence  that  losses  in  the 
superconducting  film  will  not  prevent  the  cavity  from 
achieving  a  Q  of  10®.  However,  because  the  electromagnetic 
field  is  lo  be  contained  inside  the  cavity,  the  interface 
region  between  the  lead  film  and  the  sapphire  will  also  be 
exposed  lo  the  signal  and  could  degrade  the  cavity  Q  A 
measurement  was  made  on  a  spherical  sapphire  substrate 
coaled  with  a  lead  dim  lo  lest  this  loss  mechanism.  The 
uncoaled  sapphire  sphere  displayed  a  loss  value  of 
tan  d  =  1.17x10“®,  while  the  lead-coated  sphere's  loss  was 
tan  <5  =  1. 15x10“®,  both  values  measured  at  1.5K.  These 
results  show  that  the  losses  in  the  interface  region  do  not 
contribute  appreciably  lo  the  total  loss  measured  at  this 
region  near  Q  =  10®. 

Actually,  these  measurements  have  indicated  the  possi¬ 
bility  of  achieving  even  higher  Q  values  in  the  stabilizing  cav¬ 
ity.  Both  the  sapphire  loss  tangent  measurements  and  the 
measurements  in  the  spherical  cavity  demonstrated  that  a 
Q  of  10®  is  feasible  for  this  cavity  A  ruby  maser  oscillator 
stabilized  with  a  cavity  having  a  Q  of  10®  would  be  expected 
lo  have  stability  approaching  A///  =  10“”  for  some  range 
of  sampling  limes,  if  the  frequency  pulling  mechanisms  are 
sufficiently  limited  as  discussed  above 

i>.  A  Design  tor  the  Three-Cavity  SCU 

b.  1 .  HectromagneUc  Features 

Fig  10  shows  schematically  some  of  the  features  for  a 
3-cavily  superconducting  maser  designed  to  achieve  a  fre¬ 
quency  stability  of  >»]0  for  time  periods  of  100  seconds  or 
longer  which  is  presently  under  construction  It  is  closely 
designed  around  the  model  discussed  earlier  (Figs  5)  and 
0)),  Some  of  its  features  are  as  follows; 


Ruby  Signal  Heliurr 

Rump  Output  Exhaust 


I'lKuro  10.  Schcmitic  diagriun  of  thrcc-cavity 

superconducting  maser  with  .sap|)h  i  re 
stabilizing  resonator 
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T^’e  lead-coated  sapphire  resonator  is  supported  with 
small  cylindrical  ends  to  allow  isolation  of  the  microwave 
fields  from  the  functions  of  mounting  and  thermal  anchor¬ 
ing  Orifices  in  the  lead  film  allow  coupling  to  the  signal  out¬ 
put  and  to  the  coupling  cavity  A  wecik  support  spring  iso¬ 
lates  the  sapphire  from  deformations  in  the  copper  contain¬ 
ing  can 

The  copper  construction  technique  used  for  the  cou¬ 
pling  and  ruby  cavities  has  been  shown  in  the  one-  and  two- 
cavity  tests  described  earlier  to  have  a  fractional  stability 
better  than  O  ''^  for  the  time  of  the  measurements.  With 
5  10  ®  of  the  system  energy  in  these  parts,  they  should  con¬ 
tribute  less  than  ’O  '-  to  the  frequency  variation,  even  if  all 
of  the  variation  seen  in  these  previous  measurements  is 
attributed  to  this  source 

The  coupling  cavity  is  a  coaxial  rcsonalor  with  a  length 
of  3\/  2  at  the  operating  frequency  of  2  7Gllz.  The  ruby 
maser  is  operated  with  the  magnetic  field  at  90°  to  its  optic 
axis  in  a  low-field  (//  *=  dOOC)  mode.  Numbering  the  energy 
levels  of  the  chromium  ion  in  order  of  increasing  energy, 
the  ~13GH7  pump  signal  excites  transitions  1-4  and  2-4, 
while  the  signal  samples  the  3-4  transition  This  mode  pro¬ 
vides  less  amplification  in  the  ruby  than  the  more  conven¬ 
tional  one  in  which  the  signal  samples  the  '.-2  transition,  but 
the  reduction  of  the  magnetic  field  requirement  from 
=30000  to  =d00G  is  a  substantial  advantage 

&.2.  Cooling  and  Temperature  Stability 

The  oscillator  will  be  installed  in  an  existing  cryostat 
insert  that  was  originally  used  as  a  ^Ho-''He  dilution  refri¬ 
gerator  The  vacuum  can  is  ’.’,.37  cm  outside  diameter  by 
63.5  cm  long,  so  ample  working  volume  exists  inside  the  can. 
The  only  cooling  capability  that  is  being  retained  inside  the 
vacuum  ran  is  a  pumped  ^He  pot  of  300  cc  volume.  This  pot 
is  filled  from  the  external  4.3K  liquid  helium  bath  through  a 
valve  and  a  capillary  The  pot  and  its  pump  line  will  allow 
cooling  the  three  cavities  and  the  ruby  maser  to  very  near 
OK 

When  the  oscillator  is  operating,  approximately  'O''' 
watt  will  be  dissipated  in  the  cavities,  while  '-iO'®  watt  will 
be  absorbed  in  the  ruby  from  the  pump  signal  Transport  of 
heat  to  the  ^lic  pot  by  conduction,  radiation  and  He  film  flow 
will  be  of  order  10  *  watt  Since  all  other  heat  loads  on  the 
^He  pot  are  substantially  smaller  than  the  pump  signal 
power,  the  stability  of  the  pump  power  will  be  reflected  in 
the  temperature  stability  at  the  ^He  pot  and,  more  impor¬ 
tantly,  at  the  high-q  cavity  We  expect  to  obtain  pump 
power  stability  of  a  part  in  ’.0^  to  limit  frequency  pulling 
effects.  This  level  of  pump  stability  will  also  provide  excel¬ 
lent  temperature  stability,  as  a  brief  description  will  show. 

As  shown  in  Fig  10,  the  pumped  *He  pot  will  be  posi¬ 
tioned  at  the  bottom  of  the  vacuum  can  and  will  connect 
directly  to  the  lowest  can  containing  the  high-Q  cavity.  In 
examining  the  various  resisttinces  to  heat  flow  between  the 
ruby  and  the  'He  pot,  one  finds  temperature  drops  of  4mK 
between  the  ruby  and  its  cavity,  7,5raK  along  the  coupling 
cavity,  and  lOmK  between  the  lov  sst  can  and  the  'He  pot, 
for  each  milliwatt  of  power  absorbed  in  the  ruby  Fluctua¬ 
tions  of  one  peirt  in  Itr  of  the  ~10"®  watt  pump  power  (±10  * 
watt)  will  therefore  cause  temperature  fluctuations  of  10'®K 
on  the  high-Q  cavity  However,  the  heater  for  the  tempera¬ 
ture  controller  will  be  placed  on  the  coupling  cavity,  a  bias 
power  of  ’,  O  *  watt  in  this  heater  will  allow  the  temperature 
controller  to  compensate  power  fluctuations  of  the  magni¬ 
tude  expected  Thermal  time  constants  are  all  rather  short 
for  this  system  operating  at  1  OK,  of  order  10"®  second  or 
smaller,  so  response  to  thermal  fluctuations  will  be  limited 
by  the  =  is  response  time  of  the  temperature  control  elec¬ 
tronics  In  addition  to  the  temperature  sensor  and  heater 
on  the  cavities,  a  second  level  of  temperature  control  will  be 
used  to  regulate  the  temperature  of  the  pumped  'He  pot  A 
stability  of  ’.  0  'K  for  the  several  days  that  one  fill  of  the  'He 
pot  will  last  IS  expected  at  the  high-Q  cavity 

B.  Concluaiona 

Analysis  of  an  application  of  the  ruby  maser  to  a  super¬ 
conducting  cavity  stabilized  oscillator  shows  many  attrac¬ 
tive  features  These  features  derive  from  the  mechanical 


stability  inherent  in  an  all-cryogenic  design  and  from  the 
properties  of  the  ruby  maser  itself  A  multiple-cavity  design 
has  been  developed  to  allow  physical  separation  of  the  high 
Q  superconducting  cavity  and  the  ruby  element  with  its 
required  applied  magnetic  field  Mode  selection  is  accom¬ 
plished  in  this  design  by  timing  the  ruby  by  means  of  the 
applied  field.  Vile  conclude  that  such  an  oscillator  would  per¬ 
form  well,  even  with  cavity  Q's  as  low  as  10®,  allowing  the  use 
of  a  superconductor-on-sapphire  resonator  with  its  greater 
rigidity  and  lower  thermal  expemsion 

A  method  for  the  design  of  multiple-cavity  oscillators 
has  been  developed  which  allows  a  specific  energy  balance 
in  the  oscillating  mode  to  determine  requirements  for  easily 
measurable  frequencies  and  coupling  constants  The  design 
IS  accomplished  without  reference  to  the  fields  implicit  in 
the  measurements  Relationships  between  power  and  fre¬ 
quency  sensitivity  considerations  for  the  various  parts  are 
also  established  in  this  method.  The  design  of  a  3-cavity 
oscillator  system  that  was  evolved  using  this  method  is 
described 

A  first  test  of  the  superconducting  cavity  maser 
confirms  the  efficacy  of  the  multiple-cavity  design  and  the 
applicability  of  the  ruby  maser  Frequency  variation  less 
than  4x10  '’  was  measured  and  is  attributed  to  the  refer¬ 
ence  oscillator  and  to  instabilities  in  the  pump  source  Vari¬ 
ation  of  iO  was  observed  in  a  low  Q  mode,  again  attribut¬ 
able  to  pump  fluctuations  Even  so,  direct  scaling  to  a  Q  of 
10°  predicts  a  stability  better  than  10“'®  fYequency  pulling 
effects  due  to  amplitude  and  frequency  variations  in  the 
pump  signal  were  characterized,  and  their  appropriate  scal¬ 
ing  with  cavity  Q  was  demonstrated.  Together  with  results 
showing  the  lowest  losses  to  date  in  sapphire  at  microwave 
frequencies,  and  preliminary  experiments  on 
superconductor-on-sapphire  resonators,  frequency  stability 
levels  as  low  as  10””  are  indicated. 
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6.  Appendix,  Coupling  Losses 

The  coupling  energy  can  be  related  to  cavity  energies 
by 

E5  =/k<,V^ 

where  is  a  dimensionless  coupling  constant"  The 

relative  contribution  of  losses  to  the  second  sum  in  5)  and 
6)  can  be  vmitten 

VE?E7 

P^4-Pp  ^  ^  Ej> 

Qi  *  Qj 

which  becomes 


1/2 

1/2 

<  kij 


If  the  quality  factors  of  t^  coupling  elements  are  large 
enough,  i  e  ,  if  ,  this  becomes 


2Pg 

PPi-Pp 


«  1 


and  the  second  sum  in  5)  and  6)  can  be  ignored 
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ACCURACY  EVALUATION  OF  THE  RRL  PRIMARY  CESIUM  BEAM  FREQUENCY  STANDARD 


Koji  Makagiri .Masaaki  Shibuki,  Shinji  Urabe,  Mitsuo  Ishizu 
lasusada  Ohta,  Takao  Morikawa,  and  Yoshikazu  Saburi 

Radio  Research  Laboratories,  Ministry  oi  Post  and  Telecommunications 
i-2-’ ,  fJukui-Kitamachi  Koganei,  Tokyo  18i,  JAPAU 


Summary 


Described  is  a  recent  accuracy  evaluation  of  the 
SP.L  laboratory  type  cesium  beam  standard  Cs  1  vith 
some  features,  including  a  hexapole  magnet  beam  optics 
and  a  Ramsey  cavity  using  a  semi-rigid  cable  and  a  co¬ 
axial  line  to  'waveguide  transducer. 

A  number  of  accuracy  evaluation  experiments  have 
been  made  and  the  total  'uncertai.nty  of  those  evalua¬ 
tions  gradually  lowered  because  of  our  various  kind  of 
effort  at  improvement.  The  measurement  often  showed 
large  and  'undesired  characteristics  in  microwave  power 
shift.  According  to  our  experiences,  the  magnitude  of 
this  power  shift  depended  mai.niy  upon  the  condition  of 
the  coaxial  line  to  waveguide  transducer,  the  cesium 
beam  trajectory  distribution  and  its  power  dependence 
pattern  on  beam  reversal  was  usually  symmetrical.  We 
investigated  the  root  of  the  cause  of  the  power  shift 
and  at  the  present  time  we  assume  that  there  were  spa¬ 
tially  distributed  phase  variatiations  across  the 
cavity  and  that  these  variations  caused  phase  modula¬ 
tion  because  the  atoms  passed  through  such  variations. 
On  the  basis  of  certain  simple  calculations,  we  evalu¬ 
ated  these  effects. 


In  the  case  of  magnetic  field  evaluation,  the 
power  snift  of  the  (4,1)-»(3i1)  transition  was  compared 
with  the  theoretical  estimation  which  Is  using  the 
frequency  difference  between  the  Rabi  transition  and 
Ramsey  transition.  This  frequency  difference  agreed 
well  with  the  value  estimated  by  the  C  field  distribution 
measurement. 


The  total  uncertainty  (10.)  was  1.1x10”  The 
frequency  of  Cs  1  (RRL)  agreed^with  that  of  the  Inter¬ 
national  Atomic  Time  (TAI)  within  the  limits  of 
IxlO”'-^. 


Introduction 


Radio  Research  Laboratories  is  responsible  for 
determining  the  national  standard  of  frequency  and  for 
maintaining  the  Japanese  Standard  Time,  based  on  the 
Universal  Time  Co-ordinated  (UTC)  to  be  disseminated 
by  JJY  (MF  and  HF)  and  JG2AS  (40  kHz)  transmissions. 
Work  on  atomic  standards  of  time  and  frequency  at  RRL 
commenced  in  1955  with  the  construction  of  a  microwave 
resonance  absorption  cell  in  the  form  of  ammonia  filled 
waveguide.  In  recent  years,  the  studies  have  been  made 
on  hydrogen  masers,  a  laboratory  type  cesium  beam 
standard,  an  optically  pumped  cesium  beam  standard  and 
stored  ion  standard. 

The  RRL  primary  cesium  beam  fr^q^ency  standard, 

Cs  1,  has  been  developed  since  1975  ’  The  design 

features  are  as  follows.  Fig.  1  shows  the  beam  tube 
chamber  of  45  cm  in  diameter  and  2  m  in  length  and  the 
electronics.  Fig.  2  shows  the  structure  of  the  beam 
tube  and  Fig.  3  shows  the  beam  optics  and  the  structure 
of  the  cavity.  The  hexapole  magnet  beam  optics  is 
similar  to  that  of  Cs  1  standard  at  PTB"^’  .  However, 
the  C  field  is  produced  by  passing  do  current  through 
four  rods  inside  three  molybdenum  permalloy  magnetic 


shields.  The  exciting  microwave  signal  is  fed  to  the 
55  cm  cavity  through  a  semi-rigid  coaxial  cable.  The 
C  field  distortion  caused  by  a  coaxial  cable  hole  of  the 
innermost  magnetic  shield  is  small  as  comoared  with 
that  caused  by  other  methods  using  waveguide.  The  di¬ 
ameter  and  the  length  of  the  innermost  cylindrical 
magnetic  shield  are  31.1  cm  and  100.3  cm,  respectively. 
In  order  to  avoid  loss  of  state  identity  or  Majorana 
flops  in  the  space  between  the  state  selector  and  the 
C  field  region,  guiding  field  coils  are  placed  at  each 
end  of  the  C  field  structure'^. 

The  Ramsey  cavity  which  is  of  S-piane  bends  and 
has  an  E-plane  Tee  feed  is  made  by  electroforming. 

The  phase, adjustment  is  made  after  the  same  method 
developed"^  by  Mungall  et  al.  of  NRC°. 

The  block  diagram  of  ;^he  electronics  which  is  dif¬ 
ferent  from  the  former  one  is  shown  in  Fig.  4.  Square- 
wave  frequency  modulations  are  performed  by  c.hanging 
the  output  frequency  of  the  synthesizer  sequentially, 
in  order  to  control  5  MHz  crystal  and  0  field  current 
source.  The  C  field  control  signal  is  obtained  by 
measuring  (4, 1 )-»(3 > 1 )  transition  frequency. 

In  the  following,  we  report  the  results  of  accura¬ 
cy  evaluation  for  Cs  1  (RRL). 

Accuracy  evaluation 

Figure  5  shows  two  examples  of  clock  transition 
microwave  power  shift.  The  horizontal  scale  is  propor¬ 
tional  to  microwave  power.  Experiment  A  was  conducted 
during  the  period  from  July  to  August,  1982  by  using 
a  Ramsey  cavity  and  a  coaxial  line  to  waveguide  trans¬ 
ducer,  both  of  which  being  different  from  those  used 
at  present.  Experiment  B  was  conducted  during  the 
period  from  December,  1983  to  February,  1984  by  using 
the  same  cavity  and  transducer  as  those  used  at  present. 
However,  the  lengths  of  magnets  used  in  Experiment  B 
and  the  present  experiment  are  6  cm  and  3  cm, respec¬ 
tively.  The  asymmetry  of  the  power  shift  on  beam  re¬ 
versal  in  Experiment  B  is  due  to  the  inquality  of  beam 
reversal,  since  the  location  of  the  west-side  hexapole 
magnet  is  found  to  be  slightly  deviated  from  the  beam 
axis  of  Ramsey  cavity.  These  mean  frequencies  which 
were  estimated  by  the  zero-power  extrapolation  agreed 
with  each  other  within  the  limits  of  the  experimental 
errors.  The  absolute  frequencies  in  Experiment  A, and 
B  wer^  lower  than  the  present  UTC  (RRL)  by  2x10  and 
3x10  ■’,  respectively. 

Figure  6  shows  the  power  shifts  on  beam  reversal 
in  the  present  experiment.  The  gradient  ,  magnitude 
and  asymmetry  of  power  shift  on  beam  reversal  were 
clearly  improved.  However,  the  mean  value  at  the  opti¬ 
mum  power  was  still  lower  than  that  given  at  -3  dB  or 
-6  dB  power  by  1x10” 

These  power  shift  behaviors  are  presumably  due  to 
the  complex  effect  caused  by  interaction  between  the 
distributed  cavity  phase  and  the  atomic  trajectory. 

In  order  to  study  and  evaluate  these  power  shift,  we 
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used  very  suuipi'e  uoaels  as  lollous.  There  exists  a 
spa'ia-  iistrubutior.  si  pnase^acgoss  the  cavity  and 
thereicrs,  acrross  the  beam'’^''  .  Tor  that  reason, 

this  phase  variation  causes  tine  dependent  phase  modu¬ 
lation  S,,;t.  ior  atom  as  snoun  in  Reierence  12.  The 
pr.ase  varies  siowiy  er.ougn  in  the  cavity  ana  loes  not 
cepend  upon  the  atomic  beam  trajectory. 

Iccoraihg  to  our  caiouiations  iou  various  types  oi 
pr.ase  distribution  in  fjo  cavities,  the  total  phase 
variation  luring  the  time  interval  T  in  a  cavity 

is  eiiective'  and  if  the  p.nase  distributions  in  two 
cavities  are  as;vmmetry  vith  respect  to  the  center  of 
P.amsey  cavity,  the  power  shift  due  to  these  phase  dis¬ 
tributions  is  not  canceled,  if  an  asymmetry  appears  in 
power  snift  on  beam  reversal,  this  magnitude  means  also 
t.te  magnitude  of  asycsmetry  of  the  beam  trajectory  on 
team  reversal, 

'Jsing  the  experimental  data  of  -;  d3  a.nd  optimum 
tower  in  oeam  iirection  west  to  east  in  rig. .7,  we  as¬ 
signed  a  phase  variation  asymcmetry  of  '.txlC  'rad/cm  a.nd 
i  mean  pr.ase  difference  of  -0,?x;0”‘‘  rad  between  two 
cavities.  The  results  of  this  calculation  were  applied 
to  Iccperiment  3  in  -~ig.  S-  Then  the  magnitude  of  the 
mean  value  of  the  power  snift  gradient  in  ixperiment  3 
was  explained  well  as  i.n  the  former  case.  However, 
the  bias  of  power  snift  lue  to  the  mean  pnase  iiffer- 
e.nos  cetween  two  cavities  cannot  be  explained.  We  pre¬ 
sumed  t.hat  the  bias  depends  strongly  upon  the  beam  tra¬ 
jectory,  whic.-i  was  effectively  different  from  that  of 
the  beam  optics  with  3  cm  magnet.  As  shown  in  rig  5i 
tne  asymmetry  o:  the  power  shift  on  beam  reversal  in 
?ig.  5  may  also  be  due  to  the  inequality  of  beam  tra¬ 
jectory  on  beam  reversal.  As  a  result  of  the  above- 
mentioned  calculation,  the  power  shift  due  to  the  phase 
variation  asymmetry  in  two  cavities  is  dominant  at  op¬ 
timum  power  and  is  about  50  "  at  -6  dS  power.  There¬ 
fore,  we  estimated  the  Inequality  rate  of  beam  trajec¬ 
tory  on  beam  reversal  by  the  data  at  optimum  power  and 
assigned  the  same  i.nq'uaiity  rate  to  the  mean  phase 
difference  shift  and  obtained  an  'oncertainty  of 
3.7x10  '  at  -6  i3  power. 

Table  '  shows  the  .HRL  Os  i  evaluation. 

The  frequency  measurement  errors  in  the  case  of 
power  shift  experiments  are  shown  in  fig.  3- 

2.  Figure  7  shows  the  beam  velocity  distributions, 
which  are  calculated  using  the  Ramsey  pattern  . 

The  linewidth  a.nd  the  peak  to  valley  intensity  of 
Ramsey  pattern  are  typically  100  Hz  and  3  ?a,  re¬ 
spectively. 

3.  rigiire  >0  s.-.ows  the  C  field  distribution  along  the 
beam  axis,  tie  measured  the  data  by  using  flux- 
gate  gaud  meter.  Fig.  fj  shows  the  power  depend¬ 
ence  of  (4, 1 i-*(3 , 1 )  transition  in  the  case  of 
Experiment  A  in  Fig.  5.  Theoretical  estimate 
shown  in  Fig.  IT  is  obtained  by  measuring  the  fre¬ 
quency  difference  between  Rabi  peak  and  Ramsey 
peak.  This  frequency  difference  agreed  well  with 
the  value  estimated  by  the  C  field  distribution 
measurement .  In  Fig.  11  we  made  the  value  of  ex¬ 
periment  coincide  with  that  of  the  theoretical 
calculation  at  optimum  power. 

t.  The  uncertainty  of  servo  system  offset  was  due  to 
the  monotonioity  of  D-A  converter  which  controled 
the  voltage  of  crystal  oscillator. 

6.  In  Fig.  12.  we  measured  the  single  sideband  spectral 
density.  Fig.  13  shows  the  theoretical  estimation 
for  the  effect  of  sideband  spectrum  which  is  40  iB 
below  the  carrier,  showing  an  unbalance  of  "  Z  in 
Experiment  A  in  Fig.  4. 


The  total  uncertainty  (1  Oy)  was  1.1x10”  The 
frequency  comparison  with  UTC  (RRL)  during  the  period 
from  April  to  Hay,  1984  was  carried  out.  The, absolute 
frequency  was  found  to  be  higher  by  0.39x10 
Therefore,  the  frequency  of  Cs  1  (RRL)  agreed  with 
t.hat  of  the  International  Atomic  Time  (TAI)  within  the 
limits  of  1x10”'  . 

Future  work 

We  intend  to  improve  the  frequency  stability  and 
determine  more  precisely  the  accuracy  of  the  RRL  Cs  1 . 
.Moreover  we  plan  to  improve  the  coaxial  line  to  wave¬ 
guide  transducer  and  construct  an  automatic  accuracy 
evaluation  system. 
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I .  Introduction 

Following  Arditi  and  Picque  ^  pioneering  experiments, 
we  have  undertaken  like  several  other  laboratories  re- 
searchs  on  a  laser  diode  optically  pumped  cesium  beam. 
This  opens  the  way  for  the  realization  of  a  new  cesium 
beam  frequency  standard  which  should  be  of  higher  sta¬ 
bility  and  accuracy  than  the  present  conventional  one. 
Basically,  the  two  deflecting  magnets  used  for  state 
selection  and  detection  are  replaced  by  laser  light- 
atomic  beam  interaction  regions.  A  hyperfine  population 
difference  is  created  in  the  first  (upstream)  zone.  In 
tne  second  downstream  region  the  resonance  phenomenon, 
i.e.  the  Ramsey  fringes  is  detected  through  fluorescence 
light  variation  as  a  function  of  the  microwave  frequency. 
Jptical  pumping  is  expected  to  improve  the  frequency  sta¬ 
bility  of  cesium  frequency  standards  for  several  rea¬ 
sons  : 

i)  the  signal  should  be  higher  than  in  a  classical 
apparatus.  A  greater  beam  intensity  can  be  first  used 

in  Lhis  straight  line  highly  symetric  device.  A  complete 
population  inversion  can  be  also  achieved  when  two  laser 
light  are  used  in  the  pumping  region  On  the  other 
hand,  the  detection  by  fluorescence  on  a  cycling  tran¬ 
sition  produces  a  large  number  of  photons  from  each  atom 
of  the  beam.  However,  the  noise  of  such  a  detection  might 
depend  not  only  upon  the  fluctuations  of  the  number  of 
atoms  in  the  beam,  but  also  to  a  greater  extent,  on  the 
fluctuations  of  the  laser  frequency  and  laser  intensity. 
Therefore,  the  S/N  ratio  might  not  increase  as  strongly 
as  predicts  quantum  shot  noise  limitations. 

ii)  when  a  cycling  transition  is  used  for  fluores¬ 
cence  detection,  the  weight  of  slower  atoms  is  increased 
in  the  velocity  averaged  0-0  clock  signal.  It  results 

in  a  slight  narrowing  of  the  Ramsey  pattern.  Such  in¬ 
creases  of  S/N  and  Q  factor  are  obviously  suitable  for 
short  term  frequency  stability  improvements. 

The  use  of  optical  pumping  should  also  reduce  the  size 
of  some  systematic  frequency  offsets  and  allow  a  more 
precise  evaluation  of  their  uncertainties.  Let  us  recall 
that 

i)  in  an  optically  pumped  cesium  beam  machine  (OP  Cs 
BM)  the  so-called  Majorana  transitions  are  highly  im¬ 
probable  since  the  uniform  magnetic  field  of  the  micro- 
wave  interaction  region  can  be  extended  to  include  both 
the  optical  pumping  and  optical  detection  regions. 

ii)  the  frequency  pulling  of  the  0-0  central  line  by 
the  wings  of  neighbouring  field  dependent  microwave  lines 
Should  be  minimized  by  using  an  efficient  two  laser  pum¬ 
ping  cycle  which  removes  the  populations  of  the  adja¬ 
cent  Zeeman  levels. 
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iii)  since  nearly  all  atoms  are  selected  and  detec¬ 
ted  regardless  of  their  spatial  position  or  velocity, 
the  uncertainty  in  the  distributed  cavity  phase  shift 
determination  should  be  smaller. 

In  this  paper,  we  shall  present  our  preliminary 
work  on  the  OP  Cs  BM.  We  have  made  theoretical  pre¬ 
dictions  on  the  pumping  efficiency  of  a  beam  with  two 
monochromatic  or  broadband  laser  fields. 

We  have  also  obtained  experimental  Ramsey  resonance 
signals  when  the  same  laser  is  used  both  for  the  state 
preparation  and  detection.  Provisional  short  term 
frequency  st'b’.lity  predictions  are  then  derived  from 
such  Ramsey  pattern  characteristics. 


1 1 .  Optical  pumping  with  two  lasers. 
Theoretical  predictions 


Figure  la,b,c,  shows  the  energy  level  diagram  cor¬ 
responding  to  the  Dj  resonance  line  of  Cs  at  852.1  nm. 

A  pumping  scheme  which  tends  to  concentrate  the  whole 
population  of  the  ground  state  onto  the  single  Zeeman 
sublevel  (F  =  4,  m^  =  0)  of  (F  =  3,  m-  =  0)  must  be 
realized  with  two  laser  light,  one  of^them  being  neces¬ 
sarily  Ti  polarized.  For  example,  if  we  refer  to  Fig.  lb 
and  look  at  Table  1,  we  can  see  that  the  light  of  laser 
LO.,  IT  or  a  polarized,  brings  the  atoms  into  the  level 
f  ‘while  LDp,  r  polarized,  depopulates  the  sublevels 
f(M)  with  m^  0.  Consequently  after  a  sufficient  num¬ 
ber  of  pumping  cycles,  all  the  atoms  should  be  accumu¬ 
lated  in  the  f(o)  sublevel. 

We  have  done  a  theoretical  analysis  of  the  popula¬ 
tion  difference  built  up,An(t)  =  n^(o)  -  n  (o),in  this 
case  and  compared  the  results  derived  with  a  direct 
phenomenological  approach  (rate  equations)  and  a  more 
rigorous  treatment  (density  matrix  formalism),  the 
results  are  the  following  ^  : 

i)  if  the  two  lasers  are  monochromatic,  the  statio¬ 
nary  value  of  An  is  only  14  %  instead  of  100  %  predic¬ 
ted  by  the  rate  equation  approach  (Fig.  2).  This  dis¬ 
turbing  result  is  verified  over  a  wide  range  of  pumping 
power.  It  is  due  to  the  creation  of  hyperfine  coherence 
when  the  laser  frequency  difference  equals  the  hyper¬ 
fine  ground  state  splitting.  This  phenomenon  is  related 
to  coherent  population  trapping  effects  Such  effects, 
cannot  be  taken  into  account  with  the  rate  equations 
descripti on. 


ii)  with  the  commercially  available  laser  diodes, 
the  spectral  width  is  typically  30  MHz  when  the  output 
power  is  around  5  mW.  Such  a  spectral  width  is  wider 
than  the  natural  width  of  the  O2  transition  which  is 
about  5  ^t^z.  The  excitations  are  then  "broad  line"  pro¬ 
vided  the  intensity  remains  lower  than  50  mW/cm^.  In 
this  case,  the  laser  fields  cannot  built  up  coherences 
between  successive  optical  transitions.  The  population 
difference  build  up  calculated  with  the  density  matrix 
formalism  can  now  reach  "c  90  %  when  the  interaction 
time  is  long  enough  (Fig.  3).  A  very  close  result  is 
obtained  with  the  rate  equations  model  in  the  broad¬ 
band  case 
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From  the  theoretical  point  of  view,  a  pumping  cycle 
with  two  commercially  available  laser  diodes  which  are 
not  too  monochromatic,  allows  achievement  of  a  quite 
total  pumping.  However,  from  the  experimental  point  of 
view,  the  preliminary  tests  performed  at  NBS°  have  given 
disappointing  results.  This  point  should  be  clarified. 

III.  Experimental  set-up 

The  experimental  set-up  is  shown  schematically  on 
figure  4.  In  our  preliminary  experiment,  we  have  utili¬ 
zed  some  vacuun  envelope,  cesium  oven  and  b-shaped 
microwave  cavity  existing  in  the  laboratory.  The  size 
of  the  vacuum  envelope  is  such  as  we  did  not  had  the 
possibility  to  design  an  uniform  field  region  including 
pumping  and  Ramsey  cavity  regions.  A  vertical  magnetic 
field  is  created  in  each  "light-atom  interaction  zone". 
This  gives  an  orientation  for  the  polarization  of  the 
incoming  light.  A  small  cylindrical  mumetal  box  insures 
the  magnetic  shielding.  The  C-field  in  the  microwave 
interaction  region  is  vertical  too  and  it  is  produced 
by  a  U-shaped  electromagnet  made  of  conetic  metal.  The 
whole  assembly  cavity  and  electromagnet  is  placed  in¬ 
side  a  cylindrical  magnetic  shield  of  mumetal.  The 
orientation  field  is  therefore  rather  well  defined 
except  in  the  short  spacing  regions  which  separate  the 
three  shielding  boxes.  This  may  cause  some  trouble  by 
mixing  the  populations  of  the  hyperfine  levels,  spe¬ 
cially  when  a  two  laser  excitation  is  used.  In  the  fu¬ 
ture,  we  shall  operate  a  new  machine. 

The  light-atom  interaction  regions  A  and  8  are  iden¬ 
tical  and  designed  in  order  to  minimize  the  laser  stray 
light.  Laser  light  beams  are  tightly  focused  onto  a 
spot  of  5  X  3  mm'^.  Large  area  pin  photodiodes  collects 
about  15  of  the  whole  fluorescence  light.  The  signal 
in  the  A  region  is  used  for  laser  frequency  locking 
purposes.  The  B  region  signal  is  an  indication  of  the 
0-0  cl ock  transi  ti  on. 

The  separation  between  the  two  oscillatory  field 
regions  is  L  =  21.5  cm.  The  light  sources  are  single 
frequency  GaAtAs  laser  diodes  operating  around  852  nm 
(HLP  140J  from  Hitachi  Company).  We  have  designed  and 
operated  ci rcui ts. which  control  the  laser  injection 
current  to  1  x  10  °  and  the  heat  sink  temperature  to 
2  10  degrees  for  about  one  day. 

The  first  derivative  of  the  Cs  beam  fluorescence  as 
a  function  of  frequency  is  used  to  stabilize  the  laser 
diode  frequency  by  means  of  a  conventional  servo  sys¬ 
tem  acting  on  the  current.  The  servo  bandwidth  is  - 
10  kHz. 


IV.  Experimental  results  with  one  laser 

The  same  laser  n  polarized  light  is  used  both  for 
the  optical  pumping  A  region  and  the  optical  detection 
B  region.  In  ordet  to  check  the  good  efficiency  of  the 
pumping  cycle,  we  swep  the  laser  frequency  accross  the 
3  '2'  ;  3  •  3'  ;  3  -  4'  transitions 

Figure  5a-5b  shows  the  fluorescence  signal  in  the  B 
region  when  the  light  in  the  A  region  is  "off"  and  then 
"on".  This  record  which  has  been  performed  with  an  in¬ 
tensity  I.  =  23.4  mW/cm^  and  !„  =  0.34  mW/cm'^  shows 
that  the  3  •  4'  transitions  gives  a  negligible  fluo¬ 
rescence  signal  demonstrating  a  complete  transfer  of 
the  population  of  the  F  =  3  level  onto  the  F  =  4  level 
without  pumping.  The  whole  fluorescence  power  in  the  B 
region  is  of  the  order  of  1  nW.  This  value  agree  with 
the  calculated  value  Pp.  Assuming  I  =  5  x  10^°  at/s, 
an  average  number  of  photon  per  atom  equals  to  0.5  ; 
a  collection  efficiency  of  0.15  and  hv  =  2.216  10  J. 
one  obtain  Pp  =  1.1  10"^  W. 

Figure  6a-6b  shows  the  some  experimental  results 
when  Ig  (Ig  =  4.5  mW  cm"2  ;  =  0.34  mW  cm'2). 


A  hole  is  burned  in  the  fluorescence  signal  when  a  weak 
pumping  light  is  "on"  in  the  A  region.  The  origin  of 
this  dip  is  not  surprising  :  the  laser  light  is  not 
monochromatic  and  the  pumping  efficiency  is  greater  on 
the  top  of  its  power  spectrum  than  on  the  wings.  At  low 
pumping  intensity  more  atoms  are  removed  when  the  centre 
frequency  of  the  laser  i^  in  coincidence  with  the  centre 
of  the  absorption  line.  The  B  signal  reflects  this 
spectral  variation  of  the  pumping  efficiency. 

Let  us  mention  that  the  shape  of  the  dip  gives  an 
information  about  the  spectral  width  of  the  laser  while 
its  position  on  the  fluorescence  profile  probes  the 
orthogonality  of  the  light  and  atomic  beams. 

The  laser  is  now  tuned  onto  the  centre  of  the  3  ^ 

4'  absorption  line  and  the  microwave  power  is  fed  into 
the  cavity.  When  the  microwave  is  off  we  observe  a 
background  level  composed  of  stray  light,  scattered 
light  and  fluorescence  light.  This  last  one  increases 
when  the  microwave  is  on.  The  contrast  of  the  useful 
signal  is  0.238  mW/4.19  mW  =  5,7  %.  Moreover  its  S/N 
ratio  can  be  optimized  as  a  function  of  the  intensity 
I,  of  the  light  in  the  detection  region  because  S  in¬ 
creases  with  I.  and  tends  to  saturate  while  N  depends 
strongly  on  the  stray  light  and  scattered  light  which 
are  strictly  proportional  to  I,  .  We  have  verified  that 
the  scattered  light  is  negligible  compared  to  the  stray 
light  (1.  5  10"^).  Figure  7  shows  the  0-0  Ramsey  pat¬ 
tern  obtained  at  optimum  microwave  power  and  optimum 
laser  intensity  I.  .  The  peak  to  valley  central  line 
exhibits  a  full  wTdth  at  half  intensity  iv  =  500  Hz. 

The  geometrical  characteristics  of  our  U-shaped  wave¬ 
guide  are  L  =  21.5  cm  ;  t  =  1  cm.  The  most  probable 
velocity  of  the  atoms  in  the  beam  is  a  =  215  ms'^. 

We  have  then  compared  the  experimental  0-0  Ramsey 
pattern  to  the  theoretical  ones  obtained  for  : 


1)  a  Maxwellian  distribution  of  atomic  velocities 
.-4  „3  „-v2/a2 


I,(v)dv  =  2  a  V 


dv  (See  Fig.  8a) 
1 


2)  a  Maxwellian  distribution  weighted  by  - 
2  2  * 
lp(v)dv  =  v^  e  dv  (See  Fig.  8b) 

^  /Ti 


3)  a  Maxwellian  distribution  weighted  by  -X 

Ij(v)dv  =  2a‘^ve'^'“  dv  (See  Fig.  8c) 

Table  II  summarizes  the  main  characteristics  of  the 
central  line  obtained  in  the  three  cases.  Moreover, 
the  best  fit  between  experimental  and  theoretical  re¬ 
sults  is  obtained  in  the  case  n°  1  (Fig.  8a).  The  Max¬ 
wellian  distribution  of  velocities  is  not  affected  by 
the  optical  pumping  and  optical  detection  when  one  uses 
the  same  laser.  This  result  agrees  with  Arditi's  con¬ 
clusion  Let  us  remember  that  when  one  uses  a  cycling 
transition  for  the  optical  detection  of  the  resonance, 
the  Maxwellian  distribution  is  modified  by  the  1/v 
factor  leading  to  a  linewidth  narrowing  factor  of  'v  l.l 
(Table  II).  This  agrees  with  Lewis  experiments”. 


If  we  assume  that  a  square  wave  modulated  micro- 
wave  interrogating  technique  is  used  to  lock  the  fre¬ 
quency  of  a  quartz  crystal  oscillator  to  this  hyperfine 
transition,  it  can  be  shown  that  ^  :  the  one-sided 
power  spectral  density  S  of  fractional  frequency  fluc¬ 
tuation  of  the  controlleo  quartz  oscillator  is  approxi- 
matively  given  by  S  0.30  (Av/u  )2  S,  ,/I.2. 

S,,  is  the  power  spectral  density  of  the  mean  value  I' 
of  the  photo  current  when  the  microwave  frequency  is 
V  +  Au/2,  Av  being  the  depth  of  the  frequency  modula¬ 
tion.  I  is  the  peak  to  valley  signal. 

If  we  assuae  that  S.,  has  a  white  spectrum,  then  the 
two  sample  standard  deviation  of  fractional  frequency 
fluctuations  of  the  controlled  quartz  crystal  oscilla¬ 
tor  is  given  by  :  rv  =  S  /2t.  We  get  from  our  expe¬ 
rimental  data  :  ^  ^ 
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laser  diode  optically  pumped  Cs  beam  machine  are  pro¬ 
mising.  Detailed  studies  have  to  be  done  in  order  to 
determine  the  best  laser  combinations  for  the  optical 
pumping  and  detection  schemes  which  would  allow  to  in¬ 
crease  as  far  as  possible  the  S/N  ratio.  The  cycling 
transition  which  greatly  improves  the  fluorescence  po¬ 
wer  in  the  detection  zone  must  be  particularly  studied 
in  order  to  know  how  the  laser  frequency  noise  is  trans¬ 
formed  into  fluorescence  photon  noise  via  the  cycling 
process.  Such  investigations  are  in  progress. 


Acfe  ticMl  zdq  mant 


one  may  expect  to  increase  this  stability  by  reducing 
the  stray  light  and  by  choosing  a  more  sophisticated 
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Fig.  1  Energy  level  diagram  of  the  cesium  D2  resonance  line 

a)  fine  and  hyperfine  structure 

b)  laser  excitation:  both  lasers  are  ir  polarized 

c)  Zeeman  structure  of  the  e,  f,  g  levels. 
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Fig.  2  Time  evolution  of  the  population  difference  between  (F  =  4, 
mp  =  0)  and  (F  =  3,  mp  =  0)  levels  calculated  with  the  density 
matrix  formalism  for  monochromatic  excitations. 

•  full  line:  two  v  polarized  lasers  tuned  onto  the  (3  ■*  4') 

and  (4  ♦  4')  transition 

•  dotted  line:  one  ir  polarized  laser  tuned  onto  the  (3  '  4') 

transition  for  comparison. 
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P  =  R  =  30mW/cm^ 


FJ  =:  Ig  = 


s  F2  =  BrnW/cnn  ^ 

9  12  i^S) 


Fig.  3  Time  evolution  of  -'^nlt)  calculated  with  the  density  matrix 
model  for  broadband  excitation. 
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Fig.  4  The  experimental  set-up. 
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Fig.  6  Same  signals  as  in  Fig.  5  except  that  the  laser  intensity  is 
greater  in  the  B  region  than  in  the  pumping  region. 


'  !  ■ 


Fig.  7  Ramsey  Rabi  0  0  pattern  at  optimum  microwave  field. 
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Fig.5  Fluorescence  signal  in  the  detection  region: 

a)  without  upstream  pumping 

b)  with  upstream  pumping 
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Fig.  8  -  Expanded  view  of  the  0-0  Ramsey  pattern 

a)  A  are  computed  points  using  a  Maxwellian  distribution  of 

atomic  velocities  , 

b)  •  are  computed  points  using  a  modified  (")  distribution 

c)  e  are  computed  points  using  a  modified  (--g)  distribution 
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CESIUM  CLOCKS  DEPLOYED  IN 
THE  GLOBAL  POSITIONING  SYSTEM: 
DESIGN  AND  PERFORMANCE  DATA 

Helmut  Hellwig  and  Martin  Levine 
Trequency  and  Time  Systems,  Inc. 
Beverly,  MA 


Ite  f  i  rs  t  Lreproc'uc  t  iun  Model  Cesium  frequency  Stan¬ 
dard  'Model  fio .  TTS  -LiOGj  nualified  for  spaceflight 
ii;  19/0.  I'nis  iiiilestone  fol  1  owed  an  i ntensc  engineering 
'le /el  uunient  prr.grani  -iatin-j  bacf  to  1973/1  974,  including 
the  crjns  tioic  t  i  on  of  e  i  gilt  f  1  i  gh t-candi  da  te  and  engineer¬ 
ing  level 'jpinen  t  models,  '■nree  of  which  were  tested  on 
boar  I  rif  oT/i-r  and  iiavstar  !,  Since  then,  a  total  of 
ten  full  ,  f  1  1  g  h  t  -  g  a  a  1  'fie  d  tes  i  urn  c  1  o  c  f  s  have  been 
delivered:  ''ire  lO'eproduc t i on  Models  (Model  TTS  4400) 

and  f i 've  Spar, e  7eh ; c  1  e  Cl ooi: s  (Model  Tl'  '’401).  Of  those, 

several  are  ■.'ai  board  ;'ia /star  GPS  sate' 1  i  tes  either  opera- 

tini  .1-  ’■ '1  iperational  storage, 

SoreriMy,  r^S  is  constructing  five  advanced  Pre- 
i.'ul.cti  n  Models  iMo'lel  TTS  440/1)  as  well  as  nianutac- 
’.■r'c  :  *' fc  ‘,,1;  mPS  iilocP  II  coii'p i einent  of  bS  advanced 
d.-ace  .'o'  lc’e  Clocls  IModel  r/',  4401A).  ihe  design 
■I'd  aopi  1  c<i  t  i 'ips  'istorv  of  these  ctocfs  is  depicted  in 
’  jr-:  'abios  1  and  .  Ice  basic  des  i -jn  concept  of 
■'C-.e  ciocis  .vich  inci'.de  a  digital  integrator  featur- 
'•'j  an  ;ti‘';nitf  1  o op- 1 i ’'le  constant  is  depicted  in  the 
.e'C'..  :  I'loc  1  'lajid'  of  fig,  and  the  detailed  servo/ 

: ’.f;-' .  t '  .r  .:.;,systec  In  i'ig.  .  Isbie  3  shows  tile 
'C'C  '■.iiijrtp,  enccMMifeted  during  pia  1  i  f  i  Co  t  i  on  and 

iCcer'accc  ’e'.r'.rij  ug  well  as  prior  to  launct  of  tlie 

■'.e  n  '  ts  w"icc  were  p  rrsuce'i  of  the  Model  440!  and 
■n'  /ere;  ■'  1 'y  I  .  i:  is  inte'-esti  mj  to  note  that  none 
■  ,.es  ar'e  re’iited  to  the  suecific  aspects  of 

u'  .  : •i.c-'  :.u‘.  ire  f'liljres  related  to  electronic 

bar'  ,  -I'l  :  assei'  !/  / . 


One  of  the  clocks  of  the  earlier  Preproduction 
series.  Model  4400,  has  been  taken  out  of  service  after 
about  four  years  of  operation  as  a  result  of  a  cesium 
oven  failure.  Details  are  given  in  Table  4  and  Fig.  4. 
This  failure  mode  has  been  compl e tel y  eliminated  by  FTS 
through  a  design  change  which  was  iiiipl eniented  in  1980. 

The  frequency  s Lab i 1 i ty  resul  ts  obta i ned  during  the 
acceptance  testing  of  the  five  clocks  of  the  Model  4401 
are  summarized  in  Fig.  5.  These  results  indicate  that 
short-term  stabilities  ofa  few  parts  in  lO'-"  and  long¬ 
term  stabilities  (:  -1  day)  of  nearly  lO'i'  have  been 

consistently  achieved  and  that  performance  variations 
between  c  1  ocks  have  been  unusual  1  y  small.  Data  obtained 
from  the  clocks  on  board  of  llavstar  5  and  Navstar  6 
demonstrates  stabilities  in  the  10'“-  region  (ref. 
fig.  6).  The  last  figure.  Fig.  /,  depicts  the  multi¬ 
year  performance  of  the  quartz  crystal  oscillators 
wittiin  the  cesium  clocks  on  board  of  Navstar  b  and  6 
indicating  that  the  guartz  crystal  oscillators  ',v.'iibit 
a  free-running  aging  of  much  less  thanlxlO  '--  per  day. 

This  work  was  supported  by  the  U.  b.  Air  Force  (through 
Rockwell  international)  and  the  Naval  Researcri  Liibora- 
tory  under  the  following  contracts:  r04  70 1  -  Ti'.-I' -Ul  9  3 , 

!  04701  j-C-OO'S!  ,  NOGC  I h  -  7  i - f.-l)0Gl  ,  N'UJD  i I -C -39  K, , 
:';nooi4-03-c-/’z'0') . 


FIG.  1 ;  CEGIGM  CLOCK  DEVELOPMENT  HISTORY 
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FIG.  3:  SERVO/INTEGRATOR  SUBSYSTEM  BlOCY  DIAGRAM 
“  OF  THE  MODELS  AAOO  AMO  A4CI 


BEAM 


FIJ3_._4;  CROSS-SECTION  VIEW  OF  THE  CESIUM  OVEN  MOUNTING  CONFIGURATION  INCLUDING  THE  HIGH-VOLTAGE 
FEEDTHROUGH  FOR  THE  ION  PUMP.  THE  BRAZE  FAILURE  OCCURRED  AT  THE  TERMINAL  WHICH  CARRIES 
THE  ONE-TIME  CURRENT  USED  TO  PIERCE  THE  CESIUM  AMPOULE.  THIS  CAUSED  EMISSION  OF  CESIUM 
AND  ITS  DEPOSIT  AS  A  FILM  ON  THE  NEARBY  FEEDTHROUGH.  THE  RESULTING  OHMIC  CONDUCTIVITY 
(ABOUT  TO  Mn)  IS  DEPENDENT  ON  THE  EQUILIBRIUM  BETWEEN  CESIUM  DEPOSIT  RATE  AND 
REEVAPORATION  FROM  THE  FILM.  THE  OBSERVED  ION  PUMP  CURRENT  OF  UP  TO  200  mA  IS  DUE  TO 
THIS  OHMIC  SHUNTING  BY  THE  CESIUM  FILM. 


10-' ' 


I'lG-  5:  FTS  4401  CESIUM  FREQUENCY  STANDARDS  FREQUENCY  STABILITY  SUMMARY 
FROM  THE  ACCEPTANCE  TESTING  OF  FIVE  DEVICES.  ALSO  SHOWN  IS  ONE 
DATA  POINT  (TRIANGLE)  FROM  LONG-TERM,  IN-ORBIT  OBSERVATIONS  OF 
THE  PREPRODUCTION  MODEL  FTS  4400  SN  11  (ON  BOARD  OF  NAVSTAR  6). 
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FIG.  6:  IN-ORBIT  FREQUENCY  STABILITY  AS  MEASURED  BY  THE  NATIONAL  BUREAU  OF  STAI'DARDS,  BOULDER,  CO. 
DATA  ARE  REPRODUCED  FROM  THE  PAPER,  "SEPARATING  THE  VARIANCES  OF  NOISE  COMPONENTS  IN  THE 
GLOBAL  POSITIONING  SYSTEM"  BY  DAVID  W.  ALLAN  AND  MARC  WEISS  (PROCEEDINGS  OF  THE  FIFTEENTH 
ANNUAL  PRECISE  TIME  AND  TIME  INTERVAL  (PTTI)  APPLICATIONS  AND  PLANNING  MEETING,  DEC.  1983) 
THE  CESIUM  CLOCK  IS  MODEL  4400,  SERIAL  NO.  11,  ON  BOARD  NAVSTAR  6. 
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FIG.  7:  AGING  PERFORMANCE  OF  FTS  GPS  NAVSTAR  CRYSTAL  OSCILLATORS. 

data  ARE  DETERMINED  FROM  MEASUREMENTS  OF  THE  CORRECTION  VOLTAGE 
TELEMETRY  DATA.  AFTER  THE  FIRST  FEW  MONTHS,  AGING  IS  TYPICALLY 
IN  THE  RANGE  OF  lO'l^  PER  DAY. 


CeSIUH  CLOCK  APPLICATIONS  HISTORY 


MODEL 

PROTOTYPE 

ENGINEERING 

PREPROOUCTION 

3ROOUCr I  ON 

BLOCX  II  PRODUCTION 

advanced  PREPROOUCTION 


FTS  MODEL 
PCM 

FTS  4200 

FTS  4400 

FTS  4401 

FTS  4401A 

FTS  4402 


APPLICATION 

TWO  UNITS  FLOWN  ON  NTS-2.  JUNE  1977 

INTENDED  FOR  TEST  AND  EVALUATION;  SN  8  USED 
AS  RADIATION-HARDENING  TEST  BED. 

UPGRADED  AND  QUALIFIED  VERSION  OF  FTS  4200: 
SN  10  FLOWN  ON  NAVSTAR  5.  SN  11  ON  NAVSTAR  6 

PRODUCTION  VERSION  OF  FTS  4400: 

SN  2  FLOWN  ON  NAVSTAR  8 

BLOCK  II  IMPROVED  VERSION  OF  FTS  4401: 
GREATLY  ENHANCED  NUCLEAR  HARDENING. 

performance  upgrade  OF  FTS  4401  : 

enhanced  nuclear  hardening. 


table  1 :  APPLICATIONS  OF  THE  VARIOUS  MODELS  OF  THE  CESIUM  CLOCK 
FAMILY  DEVELOPED  AND  BUILT  BY  FTS  FOR  NAVSTAR/GPS 


CESIUM  CLOCK  DESIGN  HISTORY 


Mp^EL 


PARTS  program 


RELIABILITY  ANALYSIS  C 0 N T R Ol S / C OMME N T S 


^RG'O’YPE  NONE  none 

'  P  C  M  I 


COMMERCIAL  PARTS  AND 
PRACTICES 


ENGINEERING 
'FTS  4200) 

''REPRODUCTION 
■MODEL  F"S  4400) 


FLIChT-QUAlIFIED  PART  TVOES 
NO  SCREENING 

FL  I  Gh’’ -OUAL  I  F  I  ED  PART  TYPES 

partial  screening 


NONE 


PARTS  STRESS  ANALYSIS 


QC  INSPECTION 

QC  INSPECTION 
QUALIFICATION  TES 


"P'DDuDyrON  FlIGhT-OUAlIFIED  and 

■model  P'S  4401)  PROGRAM-APPROVED  PARTS 
FULL  SCREENING 

non-STD  parts  control 


WCCA 

FMEA 

PARTS  STRESS  ANALYSIS 
RELMBUiTY  PREDICTION 


CONFIGURATION  CONTROL 
PROCESS  CONTROLS 
MATERIALS  CONTROLS 
QC  INSPECTION 
FRACA 

AUTOMATED  SPECIAL  TEST 
EQUI PMENT 

OELTA-QUALI FICATION 
TESTING 


BLOCK  n 

P  R  0  0  U  C  r  I  0  N 
(MODEL  FTS  4401A) 

SAME  AS  FTS  4401 

ADDITIONAL  RADIATION 
SCREENING 

SAME 

AS 

FTS 

4401 

advanced 

P  S' E  P  P  0  D  U  C  1 1  0  N 
(MODEL  FTS  4402) 

FLIGHT  QIJALIFIED  PARTS 

FULL  SCREENING 

SAME 

AS 

FTS 

4401 

same  as  FTS  4401 


SAME  AS  FTS  4401 


TABLE  2:  SPACE  FLIGHT  REQUIREMENTS  AS  IMPOSED  ON  THE  VARIOUS 
MODELS  OF  THE  CESIUM  CLOCKS  DEVELOPED  AND  BUILT  BY 
FTS  FOR  NAVSTAR/GPS 
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MODEL  4401  HARDWARE  FAILURES 


SERIAL 

0001 


0002 

0003 

OOOA 

0005 


DATE  OF 
NO .  FAILURE 


FAILURE 

ENVIRONMENT 


CAUSE  OF  FAILURE/ 
LOCATION  OF  FAILURE 


CORRECTION 


8/25/81  OTP  (AT  35  “c) 


PINCHED  CRYSTAL  LEAD  TO  UPDATE  ASSEMBLY 

OVEN  HEATER  ASSEMBLY  PROCEDURE 

OSCILLATOR  ASSEMBLY 
OF  CFS 


8/28/81  OTP  (AT  35  “c) 


OPEN  TRACE  BETWEEN  U5-15,  UPDATE  ASSEMBLY 
AND  U14-3  DUE  TO  CUT  PROCEDURE 

O/A  CONVERTER 


1 1/29/82 


SPACECRAFT  SYSTEM  U5  (LM109AH)  FAILURE  ON 
INTEGRATION  SERVO  BOARD 


NONE  (PART  FAILURE) 


4/1/82 


SPACECRAFT  SYSTEM-  LIA  SHORTED  TO  C46  IN 
INTEGRATION  FREQUENCY  MULTIPLER 

ASSEMBLY 


UPDATE  ASSEMBLY 
PROCEDURE 


8/18/82  ATP  (AT  35  °C) 


OPEN  CONDITION  OF  CR35 
AND  CR36  ON  CAC  BOARD 


NONE  (PART  FAILURE) 


3/16/82  ATP  (AT  -19  “c) 


INSUFFICIENT  SOLDER  IN 
SMA  CONNECTORS  USED  ON 
CABLES 


RADIOGRAPHY 
PERFORMED  ON 
CABLE  ASSEMBLIES 


NO  failures 


TABLE  3:  COMPLETE  LISTING  OF  FAILURES  ENCOUNTERED  DURING  THE  QUALIFICATION  (QTP) 
ACCEPTANCE  ■'ESTING  (ATP)  AND  AFTER  DELIVERY  OF  THE  PROOUCIION  SEGMENT 
OF  FIVE  CLOCKS  (SERIAL  NO.  0001  THROUGH  0005)  OF  THE  MODEL  4401,  IT  IS 
INTERESTING  TO  NOTE  THAT  NONE  OF  THE  FAILURES  ARE  SPECIFICALLY  RELATED 
TO  AN  ATOMIC  CLOCK  BUT  ARE  FAILURES  RELATED  TO  ELECTRONIC  PARTS  AND 
ASSEMBLY. 


NAVSTAR  6  -  PRELIMINARY  STUDY  (FTS  4400,  SN  11) 

SHIPPED  FROM  FTS  7  SEPTEMBER  1979 

LAUNCHED  26  APRIL  1980 

POWER  ON  IN  ORBIT:  6  MAY  1980 

POWER  OFF:  18  FEBRUARY  1984 

-  TOTAL  HOURS  IN  ORBIT:  33168 

CESIUM  BEAM  CURRENT  DECREASED  TO  NEGLIGIBLE  LEVEL 
BETWEEN  20  JANUARY  1984  AND  4  FEBRUARY  1984 

ION  PUMP  INDICATION 

.  40  microamps  in  JANUARY  1981 

.  ABRUPT  RISE  TO  140  HICROAMPS  IN  SEPTEMBER  1982 

-  SLOW  RISE  TO  200  MICROAHPS  IN  NOVEMBER  1983 

-  ION  PUMP  CURRENT  DECREASE  CORRELATED  WITH 

END-OF-LIFE  BEAM  SIGNAL  DECREASE 


TABLE  4: 


ENT  history  OF  THE  CESIUM  CLOCK  ON  BOARD  NAVSTAR  6  (5P*<^E  VEHICLE  9)  THE  DATA 
PPORT  THE  FOLLOWING  FAILURE  ANALYSIS:  CESIUM  OVEN  BRAZE  FAILURE  RESULT  NG  IN 
CELERATEO  EXPENDITURE  OF  CESIUM  (ALSO  CAUSING  CESIUM  FILM  FORMATION  ON  ION  PUMP 
SULATOR  LEADING  TO  FALSE  CURRENTS)  BY  A  FACTOR  OF  APPROXIMATELY  2. 


FOLLOWING  A  DESIGN  CHANGE  IMPLEMENTED  IN  198D,  FTS-BUILT  CESIUM  BEAM  TUBES  HAVE 

never  again  exhibited  this  failure  mode. 
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MODIFICATION  OF  AN  0-1695A/U 
CESIUM  BEAM  FREQUENCY  STANDARD 
FOR  RETROFIT  OF  REPLACEMENT 
CESIUM  BEAM  TUBES 

J.C.  Robb 

Frequency  and  Time  Systeus,  Inc. 
Beverly,  MA 


Summary 

Hardware  and  electronic  circaitr/  has  been 
desirnei  to  modify  an  T-'bHHA/H  Cesium  Beam  Frequency 
Standard  '  Mewlatt~?acV:ard  oOb?'’  option  O'O)  so  that 
toe  modified  instriment  may  accept  either  a  F?S-*~'O0 
series  cesiixm  beam  tube  or  the  original  equipment 
HP-oTBd  series  cesium  beam  tube.  The  Navy  currently 
uses  cesium  beam  frequency  standards  in  the 

Verdin  Program. 

be  reuuirenent  exists  for  alternate  sources  of 
replacement  cesium  beam  tubes  for  0-6^  95A  V]  atomic 
frequency  and  time  standards  deployed  in  DOB 
ins ta  1  la t io ns .  The  C>-'B9oAA'  Tesium  Beam  Frequency 
otaniard,  developed  by  Hewlett-Packard  originally 
employs  a  cesium  beam  tube  B,5  inches  in  length  and  4 
inches  in  diameter,  "he  design  challenge  included  the 
achievement  of  simple  electronic  i.nterfaoe  as  well  as 
reconf  i  duration  to  acoept  the  larger  F?3-'-*00  tube 
‘‘eaturing  a  f  x  B  x  'f  inch  envelope. 

'“’urthermore ,  to  preserve  the  alternate  source 
capability,  the  retrofit  design  modfications  must  be 
compatible  with  installation  of  either  the  original 
series  tube  or  the  FfS-'-'OO  series  tube. 

The  retrofitting  o'"  the  '^3-'-’ 00  beam  bibe  into 


the 

0-  ’ 

A 

icipro’/es  the  perforrnance  of 

the 

ins  *: 

r'iui*? 

in 

te 

si  i". 

bean  tube  related  as 

nects 

:  in 

part 

nr 

,  the 

i.nherently  higher  line  '< 

results  in 

impr 

~3 '/  9  i 

hort 

a 

nd  long  term  stability. 

Other 

aspects 

of  t 

truT. 

er. 

t's  performance  including 

its 

qua 

H* 

ior. 

at-13 

that  are  not  oesiurt 

beam 

bibe 

re  la 

•■we-i 

■i  r 

«  pr 

ea 

e  r '/  ec 

[  by  the  retrofit  des 

ign. 

9  * 

n  i 

l.e  0 

f 

the  ; 

r*etrofit  desi.'^r.  are  p 

resen 

ted  with 

a  » 

tn 

nea? 

?ured  in  accordance  w 

ith 

r  ./• 

<  '  •'» 

en 

i'in  ' 

iear.  '^ube  frequency  'y 

tanda 

ri). 

Introduction 

T  h« 

hA 

/"  a;., 
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table 
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4  7” 
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p 

ac<ap;e  with  various  front 

and 

rear 

panel  sinusoidal  and  pulse  outputs  as  well  as  a 
hour  digital  ciook  display  and  BuD  time  code 
output.  The  O-'AOSA/H  was  nanufacture'd  as  option  O' 0 
of  the  Hewlett-Packard  f^HP)  50633  and  Is  currently 
deployed  In  various  DOD  facilities  including  both 
shipboard  and  airhorn  applications,  "he  0-'695A/'J 
meets  the  specif  icat  Loaa  of  MIL-F-PSStt,  the  relevant 
military  specification  for  TBFRs. 

Need  For  Retrofit  Capability 

The  CBFR  depends  on  the  cesium  beam  tube  for 
proper  operation,  maintaining  the  accuracy  and  long 
term  stability  of  the  instrument.  The  cesium  beam 
tube  is  a  limited  life  part  and  must  be  replaced 
periodically  during  the  life  of  the  instrument.  HP 
has  discontinued  manufacture  of  the  0-1695A/U. 


The  retrofit  design  provides  a  cesium  beam  tube 
alternate  source  capability  where  one  did  not 
previously  exist,  allowing  the  retrofitted  instrument 
to  accept  either  the  original  equipment  cesium  beam 
tube  or  the  ^^3  -'-100  cesium  beam  tube. 

Design 

The  threefold  design  goal  of  the  retrofit  effort 
was  achievei; 

(').  After  the  remodeling  process  the  modified 
0-'695A/U  accepts  either  cesium  beam  tube. 
Furthermore,  the  replacement  of  either 
cesium  beam  tube  does  not  require  special 
spare  parts  nor  instrumentation  or  skill 
levels  greater  than  that  required  by  cesium 
beam  tube  replacement  in  the  original 
equipment. 

(2) .  The  result  of  remodeling  of  0-'695A/'J 

has  a  minimal  impact  on  the  elec¬ 
trical  subassemblies  of  the  0-'695A/'J. 

(3) .  The  remodeled  instrument  meets  or  exceeds 

the  specif ications  of  MII/-P-2881 '  . 

Figiare  '  show?  a  comparison  of  the  mechanical 
aspects  of  the  two  cesium  beam  tubes.  The  dissimilar¬ 
ity  in  the  shapes  of  the  two  beam  tubes  posed  the 
major  design  challenge.  Figure  2  a-f  shows  the 
instrument  before  and  after  the  retrofit.  In  the 
retrofitted  instrument  either  tube  can  be  replaced 
without  disturbing  any  other  subassemblies.  The 
mounting  hardware  for  the  FT3  cesium  beam  tube  remains 
permanently  in  the  retrofitted  instniment  and  does  not 
interfere  with  the  mounting  of  the  HB  tube.  A  simple 
electrical  harness  interface  consisting  of  a  ' 6  pin 
socket  and  two  high  voltage  connector  junctions  both 
mounted  on  the  instrun^nt  center  panel  accomodate 
either  cesium  beam  tube.  ( Bee  Figure  2d). 

A  comparison  of  '''ijures  2a  and  2b  points  out  the 
basic  mechanical  differences  between  the  original 
instrument  and  the  retrofitted  instrument.  The 
tran.sition  from  the  original  equipment  to  the 
retrofitted  instrument  is  described,  with  the  aid  of 
Figures  2a  and  2b,  as  follows: 

The  batteries  and  the  card  cage  (located  in  the 
upper  middle  section  of  Figure  2a)  have  been  removed 
to  create  a  volume  to  house  either  the  HP  or  PTS 
cesium  beam  tube  (see  Figures  2b  and  2e)  as  well  as 
part  (two  thirds)  of  the  new  battery  supply.  An 
L-shaped  shelf  has  been  added  in  this  volume  the  top 
side  of  which  supports  the  battery  pack  (see  Figure  2b) 
and  the  bottom  side  of  which  provides  a  mounting 
surface  for  the  multiplier  and  harmonic  generator  (see 
Figure  2d).  The  L-shaped  shelf  also  provides  a  rigid 
coupling  between  the  side  and  the  center  panels  and 
the  front  and  rear  sections  of  the  instrument.  To 
accomodate  the  length  of  the  IFTS  cesium  beam  tube,  the 
power  supply  section  (in  the  upper  left  hand  section 
of  Figure  2a)  has  been  altered  by  reshaping  the  power 
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supply  section  housing.  The  volume  originally 
occupied  by  the  HP  cesium  beam  tube,  multiplier  and 
harmonic  generator  (lower  middle  section  of  Figure  2a) 
houses  the  card  cage,  removed  from  the  upper  section, 
and  the  remainder  of  the  new  battery  supply  (lower 
middle  section  of  2b). 

The  major  change  in  mass  distribution  resulting 
from  the  chassis  redesign  is  the  change  in  mounting 
location  of  the  cesium  beam  tube  from  the  side  panel 
of  the  instrument  to  the  center  panel.  The  center 
panel  is  rigidly  attached  to  both  side  panels  by 
support  brackets  and  mechanical  subassemblies  with  the 
overall  effect  of  making  the  retrofit  chassis  as  rigid 
as  the  original  equipment  chassis. 

The  electrical  adjustment  range  of  the  0-1695A/U 
is  wide  enough  in  all  aspects  to  accomodate  proper 
operation  of  the  PT3  cesium  beam  tube. 

Performance  Considerations 

Using  the  FT"  cesium  beam  tube  in  the  retrofitted 
0-'695A/y  should  yield  improved  performance  in  cesium 
beam  tube  related  aspects  of  stability  due  to  the 


increased  figure  of  merit.  Table  *  below  compares 
performance  of  the  two  cesium  beam  tubes. 

PTS-1-100 

HP5084 

Figure  of  Merit 

>3  ' 

.5  (estimate) 

Linewidth 

450  (typical)  ' 

300  (typical) 

Table  '  . 

Testing  and  Results 

Two  0-'695A/'J  CBFH's  were  retrofitted  and 
FTS-'-'OO  cesium  beam  tubes  were  installed,  "'’he  two 
units  were  subjected  to  first  article  and  environmen¬ 
tal  tests  as  specified  in  "IIL-F-PBSI  '  .  Table  2  lists 
relevant  results  of  the  testing.  They  Indicate  that 
the  retrofitted  0-'695A/U  with  an  Pi  3  cesium  beam  tube 
installed  meets  or  exceeds  the  requirements  of  XIL-P-TBSI* 
in  performance  related  aspects.  Tn  particular,  the 
improved  stability  reflects  the  better  performance 
parameters  of  the  PTS-'-'OO  cesium  beam  tube.  No  damage 
or  physical  upset  of  any  kind  resulted  from  shock  and 
vibration  testing.  Furthermore,  the  change  in  frequency 
during  shock  and  vibration  testing  was  well  within  the 
specification  and  reflects  the  mechanical  integrity  of  the 
retrofit  design. 
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TEST  RESULTS 


MIL-F-28811 


PARAMETER 

SPECIFICATION 

ACCURACY 

+3  X  10*11 

STABILITY  1  (sec) 

10  (sec) 

100  (sec) 

1000  (sec) 

10000  (sec) 

7  X  10-11 

2.2  X  10*11 

7  X  10*12 

2.2  X  10*12 

7  X  10*12 

WARM-UP  (from  -28°C) 

<20  minutes 

SETTABILITY 

+2  X  10*12 

REPRODUCIBILITY 

X 

o 

1 

SHOCK  (accuracy  Af) 

MIL-S-901-C 

+2  X  10*11 

VIBRATION  (accuracy  Af) 

MIL-ST0-167-I 

+2  X  10*11 

BATTERY  LIFE  +25'’C 

-28°C 

+65‘>C 

1.0  hour 

0.5  hour 

0.5  hour 

Table  2. 


MEASURED 

(AVERAGE  OF  Z  UNITS) 

0.33  X  10"^^ 

2.8  X  10'^^ 

0.95  X  10-11 
3.5  X  10-12 

1.4  X  10-12 

4.5  X  10-12 

15  minutes 
0.9  X  10-12 
<0.2  X  10*11 
0.1  X  10*11 


0.15  X  10*11 


1.0  hour 
0.5  hour 
0.5  hour 
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CESIUM  BEAM  TUBE  COMPARISON  -  MECHANICAL 


HP 5084  FTS-i  -too 

L  =  6.5"  L  =  '3" 

D  =  4"  (cylindrical)  3"  x  3"  (rectangular 


X. 


5 


FTS- 1-100 


HP5084 


Figure  1. 
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MODIFIED  0-1695A/U;  HP  TUBE  INSTALLED 
BACK  ♦—♦FRONT 


Battery  Box 


Power  Supply  Section 


TOP  VIEW 


Center  Panel 


HP  Beam  Tube 


Figure  2e. 


MODIFIED  0-1695A/U:  HP  TUBE  INSTALLED 

FRONTS— ♦  BACK  Multiplier 


Center  Panel 

1  BOTTOM 

Harmonic  Generator 

VIEW 

Power  Supply  Section 

16  Pin  Socket 

Figure 
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&-1695A/U  -  RETROFIT  OR  REPLACE? 

Marvin  Meirs,  lancu  Pascaru,  David  Silvermetz  and  Dean  Jones 

Frequency  Electronics,  Inc. 

Mitchel  Field,  New  York  11553 


Summary 

In  1983,  Frequency  Electronics,  Inc.  (FEI) 
undertook  an  NRL  contract  to  retrofit  two  Model 
0-1695A/U  Cesium  Frequency  Standards  with  the  FEI 
cesium  beam  tube.  The  project  was  successful  and 
resulted  in  a  frequency  standard  which  meets  or  exceeds 
the  requirements  of  the  governing  specification, 
MIL-F-28811(EC) ,  and  offers  the  further  advantage  of 
increasing  tlie  time  between  tube  replacement. 

The  retrofit  modification  Included  some  skillful 
mechanical  changes  to  the  unit  in  order  to  accommodate 
either  the  present  tube  or  the  FEI  tube.  These  changes 
permitted  maximum  utilization  of  existing  assemblies 
and  batteries,  to  minimize  modification  costs.  An 
environmental  test  program  has  been  completed  on  the 
modified  standard. 


The  Frequency  Electronics  Cesium  Beam  Tube 

Frequency  Electronics'  cesium  beam  tube  has  an 
established  field  history.  Cesium  frequency  standards 
shipped  by  Frequency  Electronics  over  the  past  7  years 
have  accumulated  over  4  million  field  hours.  The 
proven  accuracy,  reproducibility,  settabillty, 
stability  and  reliability  of  these  standards  are  well 
within  the  parametric  limits  of  MlL-F-2881 1(EC) .  The 
Cube  is  used  in  the  TD-1251/U  Master  Regulating  Clock 
and  TD-1335/V  Portable  Real-Time  Clock. 

The  basic  cesium  beam  Cube  is  shown  in  Figure  2. 
The  detector  end  and  vac-ion  pump  are  to  the  left,  the 
cesium  oven  is  to  the  right,  and  the  microwave 
injection  port  is  in  the  center.  Table  I  contains 
several  performance  characteristics  of  the  Frequency 
Electronics  (FEI)  tube. 


During  the  same  period.  Frequency  Electronics 
developed  the  0-1824/U  Master  Regulating  Clock.  This 
frequency  standard  is  qualified  to  MIL-F-2881 1(EC)  and 
can  serve  as  a  high-performance  replacement  for  the 
0-1695A/U. 

Introduction 

This  paper  deals  with  the  results  of  two  Navy 
contracts  which  Frequency  Electronics  received  last 
year.  The  first  was  for  the  development  of  a  form,  fit 
and  function  replacement  of  the  0-1695A/U  Cesium 
Frequency  Standard  meeting  the  requiremonts  of 
MIL-F-2881 1 (EC) ,  and  subsequently  given  the 
nomenclature  0-1824/U.  The  second  contract  resulted 
from  a  request  by  the  Navy  to  retrofit  the  0-1695A/U 
with  Frequency  Electronics'  cesium  beam  tube. 

0-1695A/U  Retrofit  Program 
Technical  Requirements 

A  photograph  of  the  0-169 5A/U  Cesium  Frequency 
Standard  is  shown  in  Figure  1.  Technical  requirements 
of  the  retrofit  contract  were  to  replace  the  existing 
HP-5084  series  tube  with  a  field-proven  cesium  beam 
tube  performing  the  modification  in  such  a  manner  that 
the  retrofitted  0-1695A/U  could  accept  either  tube 
without  further  modification.  The  resulting  equipment 
was  required  to  be  identical  to  the  exls''lng  0-1695A/U 
in  form,  fit  and  performance  and  meet  the  requirements 
of  MIL-F-28811(EC)  and  Amendment  1  with  the  following 
allowable  deviations: 

Warm-up  Time  £  30  minutes 

Battery  Capacity  ^  30  minutes  at  65°C 

15  minutes  at  -28°C 

Weight  <  62  pounds  (without  battery) 

Development  Goals 

At  the  outset.  Frequency  Electronics  established 
three  project  goals.  These  were:  1)  Incorporate  our 
cesium  beam  tube  assembly  with  its  integral  oven 
control,  C-fleld  control  and  preamplifier;  2)  Strive 
fcr  incorporation  of  the  four  original  batteries;  and 
3)  Minimize  modification  costs  in  production. 


TABLE  I 

PERFORMANCE  OF  FEI  CESIUM  BEAM  TUBE 

Line  Width  <  800  Hz 

Signal-to-Background  Ratio  6 

Slgnal-to-Noise  Ratio  58  dB  (1  Hz  Bandwidth) 

Figure  of  Merit  5.5 

A  mechanical  comparison  between  the  FEI  tube  and 
the  existing  0-1695A/U  tube  is  shoe  in  Taole  II.  Note 
that  while  the  weights  and  volumes  are  comparable,  the 
form  factors  are  quite  different. 

TABLE  II 


TUBE  COMPARISON-MECHANICAL 


PARAMETER 

FEI  TUBE 

EXISTING 
0-1695A/U  "'UBE 

Basic  Dimension 

14.9"  X  3"  X  2.5" 

6.6"  X  4.2"  dla. 

Weight 

12.5  lbs. 

11.3  lbs. 

Volume 

112  cu.  in. 

91  '^u.  in. 

Retrofit  Design 

The  design  approach  taken  by  Frequency  Electronics 
is  best  seen  by  studying  Figure  3,  a  top  view  of  the 
original  0-1695A/U,  and  Figure  4,  a  top  view  of  the 
retrofitted  0-1695A/U.  The  existing  tube  in  the  top 
center  and  the  battery  section  (containing  4  batteries) 
below  to  the  left  were  removed.  The  card  cage  was 
moved  to  the  left,  replacing  the  battery  section.  The 
Frequency  Electronics  cesium  beam  tube  was  mounted  into 
a  unified  aluminum  channel  which  spans  top  to  bottom 
and  retains  the  four  original  batteries.  An  interface 
board  containing  a  normalizing  amplifier  and  ionizer 
hot-wire  power  supply  was  mounted  into  the  spare  slot 
in  the  relocated  card  cage. 

Bottom  views  of  the  0-1695A/U  and  the  retrofitted 
unit  are  shown  in  Figures  5  and  6,  respectively.  Some 
of  the  re-cabling  to  the  relocated  card  cage  can  be 
seen  in  these  views . 
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The  existing  0-1695A/U  cesium  beam  tube  can  be 
Installed  into  the  modified  unit  with  relative  ease. 
The  tube  remounts  at  its  original  position  and  the 
original  battery  section  fits  easily  into  a  new 
position  next  to  the  card  cage. 


tube.  The  same  production  tube  is  Incorporated  Into 
the  0-1824/U  which  was  qualified  to  MIL-F-28811(EC) 
this  past  year,  and  is  presently  in  production. 


Simplicity  of  Design 


A  significant  feature  of  this  retrofit 
modification  by  Frequency  Electronics  is  that  all  of 
the  existing  0-1695A/U  clr'ultry  is  used  without 
redesign . 

Program  Results 

The  resulting  retrofitted  cesium  frequency 
standard  met  all  of  the  established  project  goals.  In 
addition,  the  unit  passed  all  contractually  required 
qualification  tests,  without  Invoking  any  allowable 
specification  deviations.  Qualification  test  results 
are  tabulated  in  Table  III. 

TABLE  III 

RETROFITTED  0-lb95A/l'  QUALIFICATIOK  TESTS 

TEST  PASSED 

Electrical  Parameters 

Temperature  (Operating  and  Non-Operating) 

Magnetic  Environment  ' 

Inclination  > 

Vibration 

Shock  (MIL-S-901C,  400  lb.  Hammer  Blows)  ' 

Electromagnetic  Compatibility  (CEOl,  02,  03, 

04;  CSOl,  02,  06;  REOl ,  02;  RSOl,  02) 

Production  Inspection  ' 


Key  to  the  success  of  the  previously  described 
retrofit  program  was  the  use  of  the  Frequency 
Electronics  high-performance,  lightweight  cesium  beam 


Figures  7,  8  and  9  show  the  front,  top  and  bottom 
views  of  the  0-1824/U,  respectively.  Note  the 
simplicity  of  design  and  absence  of  clutter. 

Performance  of  the  0-1824/U  exceeds  that  of  the 
0-1695A/U,  yet  contains  only  12  replaceable 
subassemblies,  compared  to  36  for  the  latter.  This 

design  was  accomplished  by  judicious  use  of  thick  film 
hybrid  technology  in  the  design  of  several  modules. 
Figure  10  shows  some  examples  of  thick  and  thin  film 
hybrids  fabricated  at  Frequency  Electronics.  The 
0-1824/U  Modulator/Multiplier  Module,  A5,  shown  in 
Figure  11  uses  four  thick  film  hybrids.  Two  of  the 
hybrids  (with  lids  removed)  are  visible  in  the 

photograph.  The  remaining  two  are  on  the  underside 
of  the  module. 

Comparison  Among  Standards 

In  Table  IV,  significant  parameters  of  the 

0-1824/U  are  compared  with  those  of  the  0-1695A/U  as 
well  as  with  the  0-169SA/U  retrofitted  with  the  FEI 
cesium  beam  cube. 

Conclusion 

Frequency  Electronics'  successful  retrofit  of  the 
0-1695A/U  frequency  Standard  has  made  available  another 
option  to  Che  government:  a  low-cost  modification, 
using  a  production  cesium  beam  tube  with  a  guaranteed 
3-year  tube  life.  In  addition,  the  0-1824/U  Frequency 
Standard  uses  the  Identical  tube,  is  fully  qualified  to 
MIL-F-28811(EC) ,  Is  currently  in  production,  and  Is  a 
high-performance  replacement  for  the  0-1695A/U 
Frequency  Standard. 


TABLE  IV 


COMPARISON  OF  CESIUM  FREQUENCY  STANDARD 

SYSTEM 


0-1695A/U 

RETROFITTED 

PARAMETER  0-1696A/U  WITH  FEI  TDBE  0-1824/U 


•y(;) 

7  X  10"“/JT 

3  X  lO'^^/JT 

3  X  lO’^  VfT 

Battery  Capacity  (Hrs) 

1 

1 

2-1/2 

Vibration  Sensitivity 

3  X  lO'^/C 

3  X  lO'^/G 

3  X  10”^°/G 

Size  (Inches) 

19  X  20  X  5-1/4 

19  X  20  X  5-1/4 

19  X  20  X  5-1/4 

Weight  (Lbs.) 

70 

70 

62 

Module  Count 

36 

36 

12 

Qualification  Status 

Complete 

Complete 

Complete 
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RETROFITTED  0-1695A/U  -  TOP  VIEW  (COVER  REMOVED) 


TMck  FOm  HybrM* 

(i)  90  MHi  to180  MuK8>9*r  DrlY*r 
(b)  5. 11 S  MH2  Mun^lar  Anwff)*r 
Thin  Film  Hybrttf* 

(el  2 1  MM«  Cryttal  OtcHator 
(tfl  Band  Up  Conv«r1«r 
(•I  'C*  Band  Mi*»r~Couotaf 


FREQUENCY  ELECTRONICS.  INC 
TimeMfeppf  f-‘  Si  ,t'  e 


FIGURE  10 

THICK  AND  THIN  FILM  HYBRIDS  FABRICATED  AT  FREQUENCY 
ELECTRONICS 
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A  jitiiii-’  x.jrKdjjjTrdw  Tj  rrfi  Ara-tic  m-Li 

A-O  FHiijJiNGr  ifAiOAHJii  AT  oHANOHAI  OdiirtVArjHT 

Zhai  Zao-Cfieni’*,  Zhian^  ji-Xian-', 

;iaani^  Xan'T-Xianh’ ,  .Aou  wen-nei, 
ani  Ju  Aiti-B'erur 

ahaa^nai  Observitar'/,  acaieria  Jinica 


AailUiCr 

This  paper  introduces  brie''ly  the  levelopnent  of  atonic 
tine  and  fre:)ue.ncy  standards  at  ihan^hai  Observatory  and 
lescribes  oriefly  tne  nain  characteristics  of  the  systems 
and  their  major  performances.  In  addition,  some  applica¬ 
tions  of  these  standards  in  astrometry  new  techniques 
developing  at  dha.nyr.ai  Observatory  are  also  introducea. 


In  past  years,  different  tvnes  of  atomic  frequencv  standards  such  as 
ruoidian  gas  cell,  hydro  'en  maser  and  caesium  beam  tuoe  nave  oeen  develops  i 
in  Jhiaa.  These  standards  are  used  at  ohanghai  Ooservatory  to  estaolish  ato¬ 
mic  time  scale  and  are  used  in  astronomical  aeas arements . 

onanghat  Ooservatory  oegan  its  atomic  frequency  standard  research  with 
an  ammonia  maser  in  The  ammonia  maser  achieved  an  accuracy  of  1x10"^ 

and  had  a  reproducibility  of  the  order  of  They  were  no  longer  used 

because  of  the  poor  performances. 

At  the  beginning  of  1970,  jhanghai  Observatory  started  develooment  of 
hydrogen  maser  and  got  maser  oscillation  in  1972.  oince  197d,  Shanghai  Ob¬ 
servatory  has  oeen  involved  in  research  on  a  laboratory  Cs  frequency  stan¬ 
dard  to  provide  a  primary  standard  for  atomic  time  and  astronomy.  On  the 
other  hand,  Shanghai  Observatory  uses  several  Rb  gas  cells  which  were  made 
in  Ohina  and  two  rfP  Cs  (from  19^2)  for  keeping  atomic  time, 

.dfOitOObll  tXAOcwiJ 

dased  on  the  success  of  the  first  hydrogen  maser  of  Shanghai  Observa¬ 
tory,  in  1/7'+  the  design  was  improved  and  four  more  hydrogen  masers  were 
made.  Figure  1  shows  two  of  them.  As  seen  from  figure  1,  ihanghai  Observa¬ 
tory's  hydrogen  masers  are  of  the  typical  construction  of  conventional  hyd¬ 
rogen  maser.  Tneir  design  characteristics  were  described  in  rtef  1,2,3.  Tne 
current  performances  of  them  are  shown  in  figure  2. 

Jhangnai  observatory  is  still  developing  new  hydrogen  masers,  fhe  suc- 
cesi  of  the  first  flignt  hydro'en  maser’*'  in  tne  world,  wnuch  was  developed 
in  Dr.  /ossot's  maser  Lab,  was  a  breaKthrou,'’n  in  the  state  of  tne  art  of  ato¬ 
mic  standard  for  snaue  ani  earth  based  aoblioations.  Its  success  is  enormou¬ 
sly  encouraging'  to  our  new  maser  program.  *(e  absorbed  many  design  ideas  of 
the  space  maser  and  rebuilt  a  new  hydrogen  maser  which  is  shown  in  figure  3. 
The  new  maser  achieved  a  stability  of  2.5xlO~13/sec,  ^xlT^+z^Oggc  _  5x10-1^/ 
nOsec,  and  the  order  of  lT^*/day.  As  seen  r'rom  these  data,  they  are  better 


•  Learning  hydrogen  maser  at  dmithsonian  Center  for  Astrophysics, 
Cambridge,  Mass-0213d. 
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tnan  those  shown  in  figure  2,  but  systmatic  effects  on  the  maser  are  still  ra- 
tner  severe.  Latelv,  many  design  ideas  from  3A0  continualy  go  to  our  maser  Lab. 
A  substantial  effort  for  improving  the  stanbilit/  of  masers  is  underway  in  our 
maser  ^.ao.  rte  expect  tne  new  maser  will  give  better  performance. 

1.AJ  Js  diiA-i  orA;'iJA.-tJ 

The  Is  oaam  freiuenov  standard  whicn  is  used  at  ohanghai  Observatory  was 
ori:-i.nally  built  by  National  Institute  of  rtetrolog/  of  China  in  Peking  in  1^65. 
fne  le.n 'tn  of  oeam  tube  is  about  3  m,  the  length  of  interaction  is  160  cm.  fne 
bean  optics  system  with  single  oven  and  detector  is  flop-out  setting.  It  nas 
never  been  used  as  i  standard  before,  oinoe  ly/b,  the  standard  has  been  moved 
to  j.na.ng.nai  Jbservatorv  and  nas  been  modified.  The  beam  optics  of  double  dire- 
cti  ).n  and  symmetry  was  desi '.ned  and  assembled.  In  tne  modified  system,  tne  ele¬ 
ctrical  length  of  tne  cavity  was  readjusted  and  redetermined.  The  length  diffe¬ 
rences  o:'  both  arms  of  the  cavit/  is  less  than  J.03  m.m.  In  new  electronics  ,  a 
microwave  solid-state  source  wnose  ohase  was  locked  to  the  5  aldz  of  the  quartz 
crystal  osciliator  is  ised  as  the  stimilatino-  signal  source  for  the  beam.  The 
frequency  svntnesizer  uroviles  frequanc v-modulated  outout,  the  modulation  fre- 
lue.ncv  is  changeable  from  3  dz  to  1.33  riz'.  Since  the  modulation  frequencv  is 
iecr-'asei,  it  is  possible  to  use  a  lower  temperature  at  the  detector.  The  to- 
t  ii  gain  of  phase  control  looo  is  about  5x11'',  the  time  constant  of  the  loop 
is  .3  3 e q  ) n  i 3  . 

i'ne  .accuracv  performance  of  the  imorove-l  Cs  standard  was  evaluated  again 
with  ohanghai  Jbs-^rvatorv’s  h/drogen  maser  as  frequency  reference.  The  preli¬ 
minary  measirement  iniicates  that  tne  frequency  stability  is  better  tnan 
5x11“^ -^/hr,  While  the  accuracy  is  on  the  order  of  Further  improvement 

of  the  Zs  standard  can  be  exneoted. 

Tne  photograoh  of  the  Cs  standard  is  presented  in  figure  4. 

AiOilIC  Tlilb  oCALa 

Jsing  atomic  clocks  which  were  made  in  China,  the  atomic  time  scale  was 
established  at  ohangnai  Observatory  in  1973  and  was  denoted  by  AT(30).  dince 
lydO,  tne  Lab  Cs  standard  which  was  mentioned  above  has  been  the  primary  stan¬ 
dard  of  time  scale  and  has  been  operated  intermittently.  It  is  used  to  provide 
tne  basic  calibration  reference  for  the  second,  being  defined  by  the  Interna¬ 
tional  oystem  of  Units.  The  working  standard  consists  of  three  hydrogen  masers 
whicn  are  boarated  continuously  after  cavity  tuning,  riydrogen  clocks  are  used 
to  provide  continuous  calibration  and  to  determine  the  rate  change  of  the  tdb 
ciocKs.  binoe  1932,  dnangnai  Observatory  got  two  dr  Cs  standards.  The  HP  Cs 
standards,  db  standards  and  nydrogen  masers  together  ensure  the  oontinuity  of 
the  time  scale. 

Ar(iO)  is  compared  with  other  atomic  time  scale  of  laboratories  in  China 
and  abroad  via  TV,  Loran-C  and  satellite  methols.  Amonv  these,  TV  and  Loran-C 
are  routinely  made. 

Figure  5  shows  jhanghai  Observatory's  atomic  time  system.  The  clock  room 
for  time  service  is  shown  in  figure  6. 

SOilc;  APPLIGATIONo 

dome  subjects  of  scientific  research  such  as  VLBI,  Laser  raging,  datelli- 
t"  dopnler  observation  and  tests  of  the  theory  of  relativitv  need  time  and 
frequency  source  with  extremely  high  stability.  In  these  experiments  and  new 
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tecniiiies,  t.ae  ari-oision  of  rpsuLts  of  tie  ooservati-jn  ani  tae  calcila- 

tion  jn  tnfi  T.'erfjrianaa  af  t.aR  tiae  ani  fre^aenc/  staniaris,  .an!  ia 

Liaitni  07  *■  av’  prRaisijn  af  tine  aa  i  fmaaenay  ^eas  j.-r  iRats .  liae  anl  frepa- 
eac7  staaiaris  oiay  aa  iaoortaat  rjlo  in  tnese  fieiis. 

j.nani'iaai  Ooservatory  has  Pec;an  ressarah  in  tae  rail  5  astr^noay  sia’^’ 

:>  ■  *,  ani  has  bailt  ar.  axperi  lental  /LJl  sysLea.  for  these  observations,  it  is 
necessary  to  aroviie  orecise  tine  syncnr  >ni zat io.',  ani  to  keen  a  ai^n  le  ;eL  of 
frequency  ani  phase  staoilization  of  local  oscillators,  iaa.ayh.ai  observatory's 
aviro -er.  '.a3“ri  .i,''--  oeen  use!  in  t.ae  experiaer.tal  ’/ojl  svsten  as  iaieoen- 

ient  local  oscillators. 

oatellita  ioonler  observation  has  i-anortant  apolicatioas  in  astro-ietrv 
researca  ani  -eolBsy.  ihane.hai  Observatory  has  built  a  set  of  satellite  00- 
servia-  s/stea  xnica  can  oe  use  i  to  ieteriine  the  Jeocentrin  cjoriinate  for 
astroaetrv'  researca.  The  receivei  frequency  traasaitel  froa  tie  satellite  ’aist 
oe  a.iJisurei  precisely  anO  tae  precise  tine  for  oerfurnia '  lais  raeas ure  lent  is 
neele  i  la  eacn  y^roun  i  station,  iacu  station  aiust  taas  stable  ti  ae  lai  fr’-queacy 
staniari  as  rfeil  as  a  coaaon  linK  for  tine  and  frequency  s ync ur out. Z’j tion .  I’nis 
is  the  core  of  JoopLer  observation  system,  ohan.qhai  Observatory' s  atonic  tine 
and  frequency  standards  a.ave  been  iisei  in  tne  Doppler  observation  and  satisfy 
tae  requirements. 

oatellite  Laser  rtan-rinq  has  made  ^reat  nroyress  in  the  orecision  ieter- 
"i  nation  of  satellite  orbits  ani  t^ravitv  field  research,  ohan.qhai  Jbservatorv 
nas  buiit  a  system  of  laser  ran'iny  that  is  used  in  -'eodyaamics  research, 
includin--  leterminatioa  of  iistance  ani  oroit  of  satellite,  as  well  as  resea¬ 
rch  of  pol-ar  motion,  dhanyh.ai  Observatory's  atonic  tine  ani  hb  stanlaris  nave 
been  used  in  this  system. 

onanghai  Observatory's  atomic  time  and  frequency  staniaris  are  also  used 
in  other  fields  of  astronomy  research,  such  as  the  research  of  rotation  o'" 
the  earth.  In  aidition,  dhanghai  Observatory  is  broaicastinr  standard  frequ¬ 
ency  and  standard  time  si.qnals  in  China.  The  time  and  frequency  signals  are 
emitted  based  on  ohang.aai  Observatory's  atomic  time  and  frequency  standards 
and  broadcast  as  the  iiC  time  service. 
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Figure  1 

The  .iyirogen  raasars  developed  by 
irtanghai  Observatory 


Figure  6 

dhanghai  Observatory’s  time  service 
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SOFTWARE  FOR  TWO  AUTOMATED  TIME  MEASUREMENT  SYSTEMS 


S,  R.  Stein 

Ball  Corporation,  Efratom  Division 
Westminster,  CO 


and 


G.  A.  Gifford 
Naval  Research  Laboratory 
Washington,  DC 


Summary 

The  purpose  of  this  paper  is  to  inform  the 
frequency  control  community  of  the  availability  of 
several  computer  programs  which  will  assist  anyone 
who  needs  to  make  automated  time  and  frequency 
measurements  and  analyze  the  data.  The  text  below 
summarizes  the  capabilities  of  the  equipment  and  the 
programs.  A  reader  who  feels  that  this  approach 
may  be  useful  for  his  application  can  find  more 
details  on  the  equipment  in  earlier  papers.  ^ 

A  detailed  description  of  the  programs,  an  operations 
manual,  and  source  code  may  be  obtained  by  writing 
to  one  of  the  authors  (Gifford)  and  enclosing  a 
blank  data  casette.^ 


Equipment  Requirements 

All  of  the  equipment  needed  for  such  a  measure¬ 
ment  system  is  available  as  stock  commercial 
components.  The  dual  mixer  components  adhere  to  the 
IEEE-583  interface  standard  and  can  be  easily 
integrated  into  a  custom  system.  Two  systems  are 
described  in  this  paper.  Their  differences  are 
determined  by  the  choice  of  either  the  Hewlett- 
Packard  85  or  the  Hewlett-Packard  9825  as  the 
instrument  controller.  Table  II  lists  the  required 
equipment.  Entries  preceded  by  asterisks  are 
unique  to  the  extent  that  any  substitution  will 
probably  require  changes  in  the  computer  programs. 


Measurement  Capabilities 


TABLE  II 


The  measurement  system  was  developed  by  Stein 
and  co-workers  at  the  National  Bureau  of  Standards. 
It  utilizes  an  enhanced  dual  mixer  technique  to 
achieve  picosecond  resolution  measurements  for 
time  intervals  of  up  to  2  seconds.  The  system  was 
designed  to  be  a  cost  effective  solution  to  the 
problem  of  continuously  monitoring  a  group  of 
atomic  clocks.  It  is  suitable  for  all  existing 
rubidium,  cesium  and  passive  hydrogen  masers.  It 
is  also  appropriate  for  aging  or  radiation  studies 
of  quartz  crystal  oscillators.  Table  I  summarizes 
the  measurement  capabilities. 


TABLE  I 

MEASUREMENT  CAPABILITIES 
-12 

Noise  floor  3  x  10  /  averaging  time 

Number  of  devices 
under  test  unllr.Lted 

Measurement  dead  time  0 


EQUIPMENT  LIST 
4 

*  Pulse  distribution  module 

*  Quad  clock  measurement  module 
Model  1012  coherent  source  ^ 

Model  1500-PlK  CAMAC  crate  ^ 

*Model  3988  CAMAC  crate  controller  ^ 
Distribution  amplifiers 

*HP85A  or  HP  9825A/T  Instrument  controller  ^ 

IEEE-488  interface 
Advanced  programming  ROM 
Input/Output  RUM 
Maximum  memory 

HP  7245B  plotter  (for  9825  only) 

HP  59308A  timing  generator  (for  9825  only) 


Input  frequency 


Ambiguity 

Sampling  rate 

Simultaneity  of 
measurements 


1  to  50  MHz  nominal. 
All  clocks  within 
+  —6 

-  2  X  10  of  nominal 
none 

up  to  one  per  second 

0.1s 


Analysis  Capabilities 

The  instrument  controllers  selected  for  these 
systems  and  the  programs  written  for  them  are  best 
suited  for  applications  requiring  successive 
measurements  of  limited  duration.  Screen  prompts 
from  the  controller  assist  the  operator  with  the 
entry  of  the  experimental  parameters  such  as  the 
number  of  clocks,  the  number  of  meat urements  and 
the  nominal  frequency.  Both  systems  must  complete 
all  data  acquisition  before  data  analysis  can  be 
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performed.  However,  both  provide  limited  monitoring 
of  the  measurement  while  it  is  taking  place. 

Table  III  summarizes  the  data  acquis  tion  and 
analysis  abilities  for  the  two  systems. 

TABLE  III 


DATA  ACQUISITION  AND  ANALYSIS 


85A 

9825  A/T 

No.  OF  OSCILL.ATORS 

2-24 

2-8 

No.  OF  MEASUREMENTS 

14,000 

3,000/10.000 

DATA  VOLATILITY 

None 

Duration  of 

measurement 

FREQUENCY  MONITOR 

Plot 

Numeric  display 

POST  ANTYLYSIS 

phase  difference  plot 

Yes 

Yes 

frequency  difference 

plot 

Yes 

Yes 

Allan  variance  plot 

Yes 

Yes 

Quadratic  fit  to 

phase  data 

Yes 

Yes 

Linear  fit  to 

frequency  data 

Yes 

Yes 

Spectrum  analysis 

Yes 

No 

The  acquisition  and  analysis 

programs  have  been 

used  for  several  years  at  the  National  Bureau  of 
Standards  and  the  Naval  Research  Laboratory. 
Suggestions  from  many  users  at  these  laboratories 
have  been  Incorporated  to  make  the  systems  satisfying 
for  a  variety  of  applications.  Most  of  the  analysis 
is  straight  forward  but  the  spectrum  analyzer  is 
unusual.  The  spectrum  of  the  frequency  fluctua¬ 
tions  is  computed  by  the  Fourier  transformation  of 
the  autocorrelation  function.  Thus,  no  a  priori 
knowledge  of  the  dominant  noise  process  is  needed. 
Furthermore,  the  resolution  of  the  analyzer  is 
limited  only  by  the  length  of  the  measurement  making 
it  possible  to  directly  estimate  the  spectrum  at 
Fourier  frequencies  on  the  order  of  one  cycle  per 
hour  to  one  cycle  per  day.'  Figures  1  through  5 
Illustrate  program  outputs  from  both  systems. 

Conclusions 

We  have  reported  on  the  equipment  and  software 
for  two  automated  phase  measurement  systems. 

Programs  on  data  casette  and  an  informal  but 
thorough  manual  are  available  from  the  Naval  Research 
Laboratory.  The  authors  believe  that  these  programs 
can  be  used  as  is  for  some  applications  and  can 
serve  as  training  and  verification  aids  for  those 
who  wish  to  set  up  similar  customized  measurement 
systems. 
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Figure  1.  The  frequency  of  every  clock  under  test 
is  plotted  on  the  CRT  by  the  HP85A  after  each 
measurement  of  the  experiment.  The  scale  is 
selected  before  starting  the  data  acquisition 
process.  In  this  example  1/4  of  the  screen 

is  5  X  10 
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Phase  Graph 
Channel  2  minus  1 

Scale  fx  y  axis  =  1.90e~89  px  divisix 
(  20. 8B  nxo  secxds  full  scale) 
Scale  fx  X  axis  =  41  points  px  divisix 
fou  =  106sec  Dote  04/19/34 


Figure  2.  A  plot  of  the  phase  deviation  between 

two  oscillators  produced  by  the  HP9825A  on  the 
7245B  plotter. 
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Figure  3.  A  plot  of  the  fractional  frequency 

deviation  between  two  oscillators  produced  by 
the  HP85A  Internal  printer. 


Mian  Variance 
Channel  4  minus  1 

Tau  =  16aec  Dote  BS/12/84 


Figure  4.  An  Allan  variance  plot  produced  by  the 
HP9825A  on  the  7245B  plotter. 
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Figure  5.  The  spectral  density  of  the  fractional 

frequency  fluctuations  plotted  by  the  HP85A  on 
its  Internal  printer.  Model  phase  data  with 
a  single  frequency  sinusoidal  phase  modulation 
was  used  to  illustrate  the  capability  of  the 
spectrum  analyzer. 
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THE  SPECIFICATION  OF  QUARTZ  FOR  PIEZOELECTRIC  DEVICES 
J.C.  BRICE 


Philips  Research  Laboratories 
Redhill,  Surrey,  RHl  5HA,  England 


Summary 

This  paper  discusses  the  correlations  between 
the  densities  of  various  defects  (e.g.  impurity  and 
dislocation  concentrations)  and  the  yields  and 
properties  (e.g.  equivalent  series  resistances, 
temperature  coefficients  and  their  spreads)  of  quartz 
bulk  wave  devices.  While  the  details  of  the 
correlations  depend  on  the  process  parameters  used  in 
crystal  growth  and  device  fabrication,  the  relations 
found  are  sufficiently  general  to  allow  a  materials 
specification  and  acceptance  testa  to  be  formulated. 
For  devices  made  in  large  numbers  the  tests  required 
can  be  simple  and  cheap:  visual  inspection  and  snail 
scale  infra-red  testing  plus  100%therraal  shock  testing 
under  conditions  which  destroy  only  boules  which  would 
be  unsatisfactory.  To  obtain  high  yields  of 
technically  superior  devices  at  minimum  cost  an  infra¬ 
red  Q  over  about  2  million  and  a  dislocation  density 
below  some  hundreds  per  square  cm  are  needed. 

1.  INTRODUCTION 


Improved  yields  of  quartz  devices  can  be 
obtained  by  selecting  the  raw  material  used.  The 
higher  cost  of  material  to  a  better  specification  is 
more  than  offset  by  the  savings  due  to  higher  yields. 

This  paper  describes  how  we  reached  one 
specification  which  is  satisfactory  for  all  the 
devices  (bulk  wave  resonators,  surface  wave  devices 
and  even  some  optical  components)  which  we  manufacture. 
Some  of  the  evidence  used  has  been  published  by  my 
colleagues^"^^  and  others^l”^^.  This  is  briefly 
reviewed.  Previously  unpublished  data  representing  an 
update  of  the  information  presented  in  1978^  is  also 
summarised.  We  now  have  data  relating  to  over  2000 
samples  drawn  from  200  batches  of  quartz  from  15 
suppliers.  However,  60%  of  the  data  are  for  5  of 
these  suppliers.  In  terms  of  averages  and  spreads, 
the  differences  between  this  60%  and  the  residual  40% 
is  small:  usually  less  than  10%  and  exceptions  are 
noted.  Thus  we  think  that  our  data  are  a  fair 
representation  of  what  may  be  expected. 

It  is  important  for  the  statistical  approach 
given  here  that  a  batch  is  defined  as  the  set  of 
boules  produced  in  one  autoclave  run.  We  are 
interested  in  only  a  few  parameters  -  infra-red  Q, 
purity  and  dislocation  densities  are  the  main  ones.  We 
then  need  to  know  how  these  parameters  vary  within 
boules  and  between  boules  from  one  batch,  how  batches 
from  one  supplier  vary  and  how  batches  from  different 
suppliers  vary  from  each  other.  To  do  this  we  quote 
averages  which  are  arithmetic  means  when  the  spread  of 
data  follows  a  Gaussian  (normal)  distribution.  For 
these  data  the  spreads  quoted  are  standard  deviations 
l.e.  root  mean  square  (rms)  deviations  from  the  mean. 

In  the  cases  of  Impurity  concentrations  and 
dislocation  densities,  the  frequency  curves  are  such 
that  the  logarithms  of  the  quantities  are  normally 
distributed  and  for  these  we  quote  median  values  and 
and  the  spreads  are  the  standard  deviations  of  the 
logarithms  which  are  often  given  as  a  factor  e.g.  a 
logarithmic  standard  deviation  of  0.3  is  given  as 
factor  of  2  variation.  In  general  we  are  Interested 
in  worst  values  for  which  we  quote  the  worst  decile 
l.e.  10%  of  the  samples  are  worse  than  than  this 


value.  The  worst  decile  is  1.28  standard  deviations 
from  the  average  for  a  Gaussian  distribution. 

2.  INFRA-RED  Q 

Most  of  the  parameters  of  Interest  to  us  vary 
with  the  infra-red  Q  (Qir).  Here  we  use  a  scale 
defined  by 

Qir  =  (1) 

where  the  parameters  take  the  values  given  in  Table  1 
at  the  three  popular  values  of  the  measurement  wave 
number  u .  The  techniques  used  and  the  reasons  for 
prefering  u  =  3410  cm"^  have  been  discussed  in  detail 
previouslyl"^ .  The  scale  defined  by  equation  (1)  can 
be  compared  with  other  scales  and  Table  2  shows  that 
in  the  range  of  Interest  the  (Philips)  scale  which  we 
use  is  the  average  of  the  others.  With  the  provisos 
given  in  the  footnote  to  Table  1,  the  Philips  scale 
has  been  tested  for  0.3  <  Qjg  x  10  ‘  3  and  for 

variations  between  Instruments.  Because  the  scale  is 
valid  at  three  wavenumbers  (l.e.  Q3585  “  Q3500  “  Q3410 
over  the  range  given),  we  can  look  at  rms  variations 

of  Q3585  -  Q35OO.  Q3585  "  Q3410  and  Q3500  "  Q3410  on 
individual  samples.  See  Figure  1.  These  quantities 
are  just  the  appropriate  sums  of  experimental  errors 
i.e. 

2  2  , 
rms(Q35g5  -  Q3500)  *  (03585  °3500^’ 

where  the  Oy  are  rms  measurement  errors  at  the  wave 
number  u .  We  give  these  sums  in  Table  3  and  the 
individual  Oy  are  given  in  Table  4.  These  data  are 
only  valid  for  measurements  made  exactly  as  we  do  but 
we  can  use  them  here  to  deduce  Che  real  variations 
Oreal  f’F  using  the  relation 

2  2  2 
Ofound  “  Oreal  Oneasurement 


where  Ofound  standard  deviations  of  the 

measured  values.  (Note  that  af" 


can  be 


'  iDedsuremenc 

replaced  by  the  sum  of  the  squares  of  deviations  from 
individual  sources). 


3.  THE  PARAMETERS  OF  IMPORTANCE 


We  now  look  briefly  at  the  evidence  linking 
device  performance  and  yield  with  the  properties  of 
the  quartz  from  which  the  devices  are  made.  It  is 
important  to  note  in  connection  with  device  yields 
that  we  are  interested  in  the  number  of  devices  which 
meet  a  specification.  Thus  we  are  Interested  not  only 
in  the  mean  value  of  a  device  property  as  a  function 
of  some  material  parameter  but  also  in  the  spread 
about  that  value.  If,  for  example,  we  aim  to  make 
devices  with  a  temperature  coefficient  with  a 
magnitude  of  say  less  than  0.2  ppm/°C,  it  is  little 
use  having  a  batch  mean  of  zero  if  the  batch  standard 
deviation  is  0.3  ppm/°C  so  that  25%  of  the  devices 
have  coefficients  >  0.2ppm/‘’C  and  a  further  25%  have 
ones  <  -0.2  ppm/°C.  Thus  we  can  define  good  material 
as  that  which  gives  useful  average  device  properties 
and  small  spreads  of  these  properties. 

In  a  paper^  at  the  1981  Symposium  we  showed  that 
drive  level  effects  (changes  In  the  equivalent  series 
resistance  and  resonant  frequency  with  power  level) 
increased  as  fell  below  about  1.8  million.  Table 
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5  gives  an  abstract  of  the  data.  We  attributed  the 
effect  shown  to  the  lower  breaking  strain  of  low  Q 
material-  Table  6  summarizes  the  measured  variation 
of  breaking  strain  with  Qir-  Note  that  we  now  believe 
that  there  is  a  correlation  with  dislocation  density: 
doubling  the  dislocation  density  from  the  expected 
value  (discussed  later)  reduces  the  breaking  strain  by 
about  0.23  X  10"3.  The  fragility  of  the  material  also 
accounts  for  the  cutting  yield  data  (Figure  2)  and  the 
variation  of  damage  depth  with  Qir  for  which  we  find 
chat  Che  damage  depth  d  Is  K  times  Che  abrasive  size 
where  K  “  0.8  for  Q  “  1  million  and  K  »  0.2  for  Q  “  2 
million.  The  data  available  are  consistent  with 

K  -  0.8/q2jj  (4) 

when  Qir  Is  in  millions. 

There  are  many  examples  of  the  correlation  of 
device  Q(Qd)  with  Qjr-  It  is  often  assumed^^^  than 
2^  -  1_+  V  1_ 

Qd  Qir  ^  Qi  (5) 

where  the  Qi  account  for  other  device  losses  (i.e. 
losses  to  the  electrodes  and  mounts  etc).  Table  7 
gives  some  data  on  devices  made  by  constant  processes^. 
(See  also  reference  22).  These  strongly  suggest  Chat 
at  least  one  of  the  Qi  terms  depends  on  Qir  or  a 
parameter  correlated  with  Qir-  There  are  a  number  of 
possibilities  (e.g.  the  failure  to  remove  all  the 
damaged  layer  at  low  Qir  could  give  Increased  losses). 

An  obvious  factor  to  consider  Is  the  dislocation 
density  Nd,  which  as  we  shall  see  correlates  inversely 
with  Qir.  An  Individual  dislocation  should  not  really 
affect  the  performance  of  a  devic^but  when  the 
spacing  between  dislocations  («Np  ')  Is  comparable 
to  the  wavelength  X  of  the  vibrations  (X«  0.3/f  when 
f  is  the  frequency  In  MHz)  we  ^ght  expect  effects. 

This  suggests  a  maximum  Np(cm  ^)  given  by 

Nn  <  11  a  f^  (6) 

where  a  Is  a  factor  (»7.2)  which  allows  for  the 
fact  Chat  Che  dislocations  are  randomly  distributed. 
(The  distribution  Is  assumed  to  be  a  Poisson  one). 

Hence  we  arrive  at  a  maximum  density  of  about  80  f2 
cm2.  Bye  and  Cosier^  studied  1.4  MHz  resonators. 

Access  to  their  original  data  allows  the 
classification  of  the  values  of  the  equivalent  series 
resistance  Ri  for  a  number  of  narrow  ranges  of  Nq 
producing  the  result  on  Figure  3.  It  can  be  seen  that 
Rl  does  rise  rapidly  for  Np  larger  than  the  predicted 
critical  one.  Note  on  Figure  3  that  the  change  in  Ri 
greatly  exceeds  that  which  could  occur  as  the  result 
of  the  change  In  Qir.  Clearly,  this  effect  Is 
Important  for  low  frequency  devices  but  Is  not 
Important  once  the  operating  frequency  exceeds  5  MHz. 
There  Is  some  evidence  that  for  high  frequency  devices 
with  a  constant  Qir  better  yields  are  obtained  with 
low  dislocation  densities.  This  may  be  the  result  of 
the  greater  breaking  strain.  However,  we  have  not 
found  sufficient  evidence  to  be  able  to  quantify  this- 
However,  at  the  very  highest  frequencies  using  very 
thin  blanks,  Vlg  et  al^^  have  shown  that  the  strained 
material  around  dislocations  can  etch  away  to  leave  a 
hole  through  the  blank.  The  yield  of  devices  with  no 
dislocations  under  an  electrode  of  area  A  Is  exp(-ANQ). 
To  obtain  useful  yields  then  requires  that  ANq  Is 
small.  In  a  typical  case  A  •>  O.OS  cm~^  so  that  Nq 
less  than  10  cm“2  is  needed  to  obtain  a  60Z  yield. 

Finally,  we  should  mention  impurity  concen¬ 
trations.  It  Is  known  that  small  amounts  of  some 
Impurities  can  adversely  affect  the  properties  of  soise 


devices.  Thus  for  example,  the  migration  of  lithium 
can  adversely  affect  aging®,  and  the  presence  of 
aluminium  and  iron  adversely  affects  devices  operating 
In  high  radiation  fluxes^S.  vfe  have  not  systematically 
Investigated  these  effects  because,  as  will  be  shown, 
our  specification  of  Qir  ■>  1.8  million  automatically 
ensures  low  concentrations  of  these  impurities. 

A  piece  of  unexpected  experimental  data  which 
needs  to  be  considered  Is  the  angle  of  cut  to  be  used. 
Data^  has  been  presented  which  enables  us  to  plot  the 
deviation  of  target  angle  from  an  arbitrary  origin  as  a 
function  of  Qir.  This  is  given  on  Figure  4  which  Is  a 
plot  of  angle  deviation  from  Ideal  against  the 
reciprocal  of  Qir.  By  current  standards  these  are 
serious  deviations  and  strongly  suggest  that  we  need  a 
large  Qir  and  a  small  spread  of  Qir  in  a  batch. 

Finally,  Table  8  gives  yield  data  for  one  of  our 
devices  when  we  deliberately  used  material  with 
different  Qir  values.  The  potential  blanks  are  the 
ones  we  would  have  obtained  with  zero  cutting  and 
lapping  losses.  The  surviving  blanks  are  those  fed  to 
the  device  assembly  line.  It  is  clear  that  for  Q  ”  1 
million  we  used  nearly  twice  as  much  quartz  as  well  as 
having  30Z  rejects. 

4.  THE  PARAMETERS  OF  AVAILABLE  QUARTZ  AND  THEIR 

CORRELATIONS 
4.1  Purity 

If  we  measure  Impurity  concentrations  and  look 
at  median  values  as  a  function  of  Qir  we  obtain 
Figure  5.  If  we  look  at  one  value  of  Qir  we  find  that 
the  logarithms  of  the  concentrations  are  normally 
distributed  with  standard  deviations  of  0.3  to  0.5 
corresponding  to  factors  of  2  to  3  in  concentrations. 

If  we  look  at  individual  suppliers,  their  data  are 
less  spread  out  but  still  vary  by  factors  of  about  1.5 
so  that  highest  decile  concentrations  can  be  about  3 
times  lowest  decile  values.  Differences  between 
supplier  median  values  are  such  that  the  upper  and 
lower  deciles  deviate  by  a  factor  of  about  2.8  from 
the  median  value  given  on  the  figure.  Thus  the  worst 
suppliers  worst  batch  might  have  levels  of  5  times  the 
median  value  given.  (Here  "worst"  is  the  least 
favourable  decile  value).  However  In  general  the 
worst  batch  should  not  be  more  than  about  4  times  the 
median  value. 

It  is  Important  to  note  that: 

(1)  The  data  apply  to  the  Z-zone:  for  the  X-zones  H 
and  Li  concentrations  are  typically  3  times  higher  and 
the  other  impurities  can  have  concentrations  10  to  30 
times  higher.  (See  reference  26  for  a  discussion  of 
the  reasons  for  the  differences  in  impurity 
incorporation  in  the  various  zones). 

(2)  The  data  for  crystals  grown  with  NaOH  mlnerallser 
are  not  significantly  different  from  those  grown  with 
Na2C03  except  in  terms  of  carbon  content  which  is  a 
factor  of  5  to  6  higher  than  the  median  for  crystals 
grown  from  NaOH. 

(3)  Alkali  metals  were  determined  by  flame  photometry. 
Other  data  are  from  solid  source  mass  spectrometry. 

It  Is  possible  that  there  are  systematic  errors  due  to 
Incorrect  choice  of  yield  constants.  These  should  not 
exceed  a  factor  of  3.  Thus  In  a  randomly  selected 
sample  absolute  values  are  unlikely  to  exceed  15  times 
the  median  value  given  on  the  figure  for  impurities 
other  than  alkali  metals.  For  the  alkali  metals  likely 
upper  limits  are  the  factor  of  5  suggested  above. 

4.2  Qtb  Variations 

In  1978  we  pointed  out  that  there  was  a 
correlation  between  the  spread  of  Qir  values  in  a 
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batch  and  the  aiean  Qxr  in  the  batch.  Now  we  have  about 
about  10  times  as  much  data  we  believe  that  the  curves 
for  different  suppliers  differ.  Figure  6  gives  data 
for  two  suppliers.  The  full  lines  are  for  measurements 
at  3410  cm~l.  The  broken  line  Is  for  measurements  at 
3585  cm"^  (Supplier  B).  Note  that  we  believe  that  for 
a  given  supplier  a  has  a  Gaussian  distribution.  For 
QIr  i,  2  million,  Qxr  Is  essentially  Gaussian.  For 
Qxr  <  2  million  the  distribution  of  Qxr  is  slightly 
skewed  with  an  excess  of  high  Q  values  l.e.  the  mean 
exceeds  the  median  by  an  amount  which  Increases  as  QxR 
falls  but  the  differences  are  small.  At  Qxr  ~  1 
million  the  difference  Is  about  0.035  million.  (We 
can  see  these  small  differences  by  comparing  mean  Qxr 
calculated  from  actual  Qxr  data  and  the  Q  calculated 
from  mean  ct ) .  For  most  purposes  we  can  neglect  these 
differences.  For  Qxr  <  1.8  million  Suppliers  A  and  B 
are  respectively  the  best  and  worst  suppliers  that  we 
deal  with  on  a  regular  basis.  With  a  few  exceptions 
data  at  3410  cm"l  for  other  suppliers  lie  between  the 
two  full  lines.  The  average  Supplier's  line  is  Just 
above  A  at  Q  ■=  1  million  and  just  below  B  at  Q  “  3 
million.  The  worst  expected  (l.e.  upper  decile  supplier 
follows  the  line  for  B  up  to  Q  “  1.8  million  (standard 
deviation  as  measured  0.15  million,  actual  about  0.14 
million)  and  then  falls  slowly:  values  at  Q  •  2.5 
million  are  about  0.11  million  (measured)  or  0.10 
million  (actual).  For  Q  .s  1.5  million,  the 
fractional  spread  of  Q  values  is  related  to  the 
fractional  spread  of  the  Z  dimension  by 

&Q  «  (1.1  +  0.3) 

Q  z 

The  standard  errors  of  the  data  points  shown  on  Figure 
6  are  about  92  of  the  plotted  standard  deviation. 
However,  at  any  mean  batch  Q,  the  variation  of 
standard  deviation  between  batches  is  21  t  9Z  of  the 
value  shown.  This  order  of  variation  Is  shown  by  all 
suppliers.  The  broken  lines  are  standard  deviations 
corrected  for  measurement  errors.  Note  that  the  data 
plotted  are  on  the  basis  of  boule  averages  being  the 
mean  of  Qxr  at  two  points  halfway  between  the  outside 
and  the  seed  In  the  boule.  For  Supplier  B,  the 
corrected  data  for  3410  and  3585  cm“^  coincide.  We 
have  done  the  obvious  experiments  of  using  boule 
averages  based  on  more  points  per  boule.  (Table  9 
gives  some  illustrative  data).  The  corrected  values 
all  lie  on  the  same  lines.  Note  that  most  of  our  data 
(all  the  data  on  the  figure)  relate  to  Y-bar  boules. 
When  we  look  at  boules  with  plate-llke  instead  of  bar- 
llke  seeds  we  suspect  that  the  same  relations  are 
valid.  The  corrected  lines  l.e.  the  Intrinsic 
variation  of  Qxr  are  given  by 

OA  =  0.333  -  0.133  Qxr  (8) 

OB  -  0.375  -  0.125  Qxr  (9) 

for  Qxr  <2.1  million.  Note  that  the  deviations  and 
Qxr  values  are  in  units  of  1  million.  For  Q  4  2 
million  (8)  and  (9)  represent  upper  and  lower  decile 
values.  As  noted  for  Q  i  2  million  the  upper 
decile  value  Is  larger  than  or  but  oa  remains  the 
lower  decile  value. 

4.3  Gradients  With  Boules 

From  the  Information  given  In  section  3,  it  Is 
clear  that  we  would  like  a  small  gradient  of  Q  in  the 
boules  used,  large  gradients  of  Q  and  a  have 
associated  with  them  large  gradients  of  Impurity 
concentrations  which  In  turn  imply  large  gradients  of 
lattice  constants  l.e.  Inhomogeneous  boules  are 
strained.  It  Is  easier  to  measure  da/dz.  If  we  do 
this,  we  find  that  boules  with  da/dz  0.1  cm”^  have 
a  high  probability  of  cracking  with  a  50°  thermal 
shock. 


Figure  7  gives  some  data  on  gradients  In  boules 
from  suppliers  A  and  B.  Note  that  we  only  measure 
variation  In  the  z  direction.  Variations  in  the  x 
and  y  directions  are  difficult  to  measure:  with  errors 
of  i50Z  values  range  from  0.014  cm~^  (Q  >  1  million) 
to  0.007  cm~2  (Q  -  2  million)  for  gradients  In  the  x 
direction  while  gradients  In  the  y  direction  range 
from  0.02  cm"^  (Q  “  1  million)  to  0.01  cm"^  (Q  •  2 
million).  The  figure  shows  that  low  Q  crystals  are 
less  homogeneous  than  high  Q  ones  and  that  Supplier 
B's  boules  are  less  homogeneous  than  Supplier  A's 
material.  The  figure  gives  data  for  boules  with  bar- 
llke  seeds.  However,  when  we  have  measured  crystals 
grown  on  platelike  seeds,  the  gradients  found  are 
scattered  about  a  line  midway  between  the  lines  for 
Suppliers  A  And  B.  In  fact  all  the  data  for  other 
suppliers  is  also  scattered  about  the  same  line  with 
rms  deviations  of  about  0.035  cm"^. 

4.4  Dislocation  Densities 

Previous  work  showed  that  at  a  given  Infra-red 
Q,  log  Np  Is  normally  distributed  and  can  be  described 
by  a  relation 

log  Np  -  A  ±  B  +  2.5  log  a*  (10) 

where  a*  ”  Oy  +  0°^.  Previously,  we  used  Uy  at 
u  “  3500  cm”l  because  this  quantity  is  directly 
proportional  to  the  hydrogen  content.  We  can,  of 
course,  convert  data  from  any  other  wave  number.  In 
(10)  B  is  the  spread  of  log  Np  at  a  fixed  a*  (l.e.  at 
a  fixed  Qxr).  The  majority  of  our  data  (perhaps  90Z) 
applies  to  boules  grown  on  bar-type  seeds.  Dislocation 
densities  In  boules  grown  on  plate-like  seeds  are 
less,  typically  by  a  factor  of  two  and  give  an  over 
all  distribution  with  A  ■  4.7  and  B  •  0.4  with  no 
size  dependence. 

For  bar  type  seeds,  the  dislocations  fan  out 
from  the  seed.  Thus  the  measured  value  of  Np  falls  as 
the  measurement  area  moves  from  the  seed  to  the  outer 
surface.  We  measure  Np  halfway  from  the  seed  to  the 
outer  surface.  Thus  If  other  factors  are  constant  our 
measured  value  falls  as  the  Z  dimension  of  the  boule 
increases.  The  data  in  Table  10  are  for  average  Z  •  30 
mm.  (In  calculating  the  residual  B,  the  size  variation 
in  the  samples  has  been  Included).  To  deduce  Np  for  an 
arbitrary  Z  dimension  (in  mm)  apply  the  relation 

Np  -  30  Npxo/Z  (11) 

where  Npxp  is  the  value  given  by  (10).  Other  measure¬ 
ment  uncertainties  contributing  to  the  B  (total)  value 
are  0.18  (errors  In  measuring  Np  which  are  equivalent 
to  a  factor  1.5)  and  0.05  (errors  in  measuring  a*). 
Substractlng  the  total  measurement  errors  still  leaves 
a  residual  B  value  which  represents  the  spread  of  Np 
In  one  run  presumably  caused  by  point  to  point 
variations  In  the  growth  conditions.  The  average 
residual  B  represents  a  range  of  Np  values  from  upper 
to  lower  decile  equivalent  to  a  factor  of  1.9.  The 
tabulated  values  show  quite  clearly  that  different 
suppliers  have  very  different  values  of  A  l.e.  their 
median  Np  values  at  a  given  Qxr  vary  very 
significantly.  See  Table  11,  which  also  gives  the 
expected  upper  decile  values.  Calculating  the  batch 
mean  Qxr  to  give  a  target  upper  decile  dislocation 
density  then  becomes  a  little  difficult  but  we  have 
had  batches  meeting  upper  decile  Np  <  100  cm  from 
Suppliers  A  and  B.  The  batch  mean  Qxr  values  were 
2.2  and  2.5  million  respectively. 

5.  SPECIFICATION  AND  TESTING 

As  QIR  falls  the  various  parameters  which  we 
believe  to  be  significant  degrade  only  slowly.  Thus  it 
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is  not  possible  to  set  a  definitely  unacceptable  level 
However,  the  rate  of  degradation  does  seem  on  average 
to  start  to  Increase  when  the  Q  falls  below  about  1.8 
million  so  somewhat  arbitrarily  we  say  that  less  than 
lOZ  of  a  batch  should  have  Qir  <  1.8  million.  At  this 
level  we  expect: 

(1)  All  impurities  except  hydrogen  at  levels  <  10  ppm 

(2)  Dislocation  densities  <  500  cm~2 

(3)  Cutting  losses  <  10% 

(A)  Batch  Qjg  spreads  <  0.15  million  (worst  case,  with 
errors  for  measurement  at  3410  cm“l  included) 

(5)  Angle  of  cut  variations  <±  0.5  arc  minutes. 

To  meet  a  90%  greater  than  1.8  million  specification, 
the  batch  mean  Q  oust  exceed  about  1.97  million  (worst 
case  (i.e.  1.80  +  1.28  a  actual).  If  we  measure  a 
sample  of  6  boules  measuring  at  two  points  per  boule 
to  be  90%  confident  that  the  batch  mean  Q  exceeds  1.97 
million  we  need  t  =  1.476  i.e.  our  measured  mean  batch 
Qir  must  exceed  2.05  million  (if  we  measure  at  3410 
cm“l).  This  gives  us  90%  confidence  in  the  short  term. 
In  the  long  term  it  implies  that  97.7%  of  the  boules 
have  Qir  ->  1.80  million.  Thus  we  can  afford  to  relax 
a  little  and  we  set  a  limit  of  2.00  million  which 
gives  a  worst  case  long  term  average  of  94.5%  of 
boules  with  Qir  <  1.8  million.  (Note  with  our  best 
supplier  the  long  term  average  is  99.8%  exceed  1.80 
million  or  90%  exceed  1.91  million).  We  now  need  to 
set  a  rejection  level.  By  reversing  the  arguments,  we 
can  see  that  if  our  measured  mean  batch  Q  is  less  than 
1.92  million  then  we  can  be  90%  confident  that  the 
batch  does  not  meet  the  criterion  mean  batch  Q  >  2.00 
million.  At  this  level,  the  batch  from  our  worst 
supplier  contains  20%  boules  with  Q  <  1.8  million. 

(The  best  supplier's  batch  at  this  level  should  still 
contain  95.6%  of  good  boules).  Thus  there  appears  to 
be  no  real  problem.  Unfortunately,  this  is  not  the 
case.  All  batches  of  quartz  contain  some  rogues  - 
crystals  which  have  poor  seeds,  incorrectly  mounted 
seeds  or  crystals  which  have  suffered  as  a  result  of 
spurious  nucleation  etc.  Typically,  the  number  of 
rogues  may  be  5%.  The  supplier  will  see  many  of  these 
rogues  -  they  are  mlshaped  or  contain  obvious 
inclusions.  However,  even  the  most  conscientious 
suppliers  do  not  remove  all  the  rogues.  If  2%  rogues 
remain,  there  is  a  12%  probability  that  our  test  batch 
contains  at  least  one  rogue  which  we  may  not  be  able 
to  spot  at  the  infra-red  test  stage.  We  would  be 
suspicious  of  any  sample  of  six  with  a  range  (i.e. 
maximum  measured  Q  -  minimum  measured  Q)  which 
exceeded  3.6  times  the  expected  standard  deviation 
(in  a  batch  of  6  the  expected  range  is  2.53  times  the 
standard  deviation  and  should  exceed  3.6  times  the 
standard  deviation  only  once  in  10  samples).  Thus  we 
become  suspicious  if  the  range  exceeds  0.5  million. 
However,  there  could  be  a  large  fraction  of  rogues  in 
a  batch  or  even  in  the  test  sample  without  any 
suspicion  being  aroused  we  therefore  instituted  a  100% 
inspection  for  deformed  boules  and  boules  with  very 
obvious  seed  veils.  Crystals  with  very  obvious  seed 
veils  have  high  dlslocaiton  densities  and  low  Qir  but 
it  is  not  easy  to  quantify  "very  obvious".  Typically 
we  may  eliminate  1  or  2%  of  boules  at  this  stage.  (We 
believe  that  perhaps  half  of  the  boules  eliminated 
would  not  survive  cutting  or  if  they  did  would  not 
make  satisfactory  devices).  With  the  type  of  figures 
quoted  in  Table  8  it  can  be  seen  that  this  contributes 
significantly  to  yields). 

For  non-obvious  rogues  we  have  one  further  test. 
We  subject  all  boules  to  a  50*C  thermal  shock.  (This 
test  should  eliminate  most  boules  with  breaking 
strains  less  than  1.2  x  10"^  i.e.  with  Qjg  below  about 
1.75  million).  The  fraction  of  a  batch  breaking  is 
correlated  with  the  batch  mean  Qir.  Typical  data  are 
4  to  5%  losses  for  a  batch  mean  Qir  of  2.1  million 


falling  to  about  1%  at  a  Qir  of  2.4  million  and 
perhaps  <  0.1%  at  Qir >  2.7  million.  Tests  on  21,000 
boules  and  data  deduced  from  a  knowledge  of  the 
spreads  of  the  thermal  shock  to  break  single  boules 
suggest  that  the  probability  (p)  of  breaking  a  boule 
with  our  50‘’C  shock  test  is  given  by 

log  p  =  4.07  ±  0.12  -  2.5  Qir  (12) 

where  Qir  Is  in  millions.  In  a  batch  of  n  the  number 
found  to  have  cracked  might  be  expected  to  follow  a 
binomial  distribution  i.e.  the  average  should  be  np 
with  a  standard  deviation  of  (np(l-p)]^  and  the 
fraction  of  batches  with  no  boules  cracked  should  be 
(1  -  p)”.  For  n  “  1000  and  Q  «  2.75  million,  p  is 
about  0.001  and  we  expect  (and  find)  1  ±  1  boules. 

In  a  set  of  8  batches  3  had  no  boules  cracked.  We 
expect  2.94.  However,  at  lower  Q  values  we  find  large 
variations.  At  Q  »  2.0  million  we  expect  100  ±  9.5 
boules  in  a  batch  of  1000.  The  spread  found  is  roughly 
a  factor  of  2.  The  logarithmic  standard  deviation  in 
the  range  2.0  to  2.6  million  is  about  0.35.  Some  of 
this  dispersion  can  be  attributed  to  variations  in  the 
spread  of  Q  values  in  a  batch,  the  uncertainties  in 
batch  mean  Q  values  and  to  variations  in  dislocation 
densities . 

As  far  as  we  are  concerned  the  inspection  and 
thermal  shock  tests  are  valuable:  using  them  can 
decrease  losses  both  during  cutting  and  device 
fabrication  by  factors  of  about  two. 

6.  CONCLUSIONS 

This  paper  has  attempted  to  show  how  measurable 
parameters  of  quartz  (Qir,  dislocation  density, 
purity)  affect  device  yields  and  performance.  This 
leads  to  a  specification  in  terms  of  these  parameters 
and  while  there  are  different  trends  for  different 
suppliers,  imposing  the  specification  (batch  mean 
Qir  >  2.00  million  plus  inspection  and  thermal  shock 
testing)  has  roughly  doubled  the  yield  of  useful 
devices  per  kilogram  of  quartz  and  has  significantly 
reduced  fabrication  losses  when  compared  with  a 
specification  Qir  <  1  million.  It  Is  noteworthy  that 
these  improvements  have  occurred  over  a  period  in 
which  device  specifications  have  been  very 
significantly  tightened  with  respect  to  parameters 
(e.g.  drive  level  effects  and  aging)  which  we  expect 
to  be  related  to  the  properties  of  the  quartz  used. 
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TABLE  1 


The  Constants  tn  Equation  (1) 


3410 

0.169 

-0.0190 

3500 

0.135 

+0.0250 

3585 

1 _ 

0.U4 

+0.0250 

(1)  glve^  Q  In  millions 

(2)  For  3585  coi“^,  depends  on  resolving  power. 

For  Inscrument  resolutions  of  <  1.2,  1.^,  1.6, 

1.6  and  >  2  cm  »  Cy  values 

of  0.160,  0.156,  0.146,  0.141  and  0.139  respectively. 

(3)  For  Q3410  ■*  2.4  million,  Q3585  from  (1)  exceeds  Qj4i0‘ 

For  O3410  "  2.1  t  2.8  and  2.9,  these  excesses 

are  respectively  0.03,  0.0b,  0.10,  0.15  and  0.22  million 
for  a  resolving  power  of  1.7  ca”^. 

(4)  The  most  recent  data^2-23  suggest  that  the  values  of 
Cy  may  be  3.5  *  1.5Z  too  large.  However,  this  is  less 
chan  Che  uncertainties  of  about  4.5Z  In  . 


(5)  Note  chat  Che  scale  defined  by  equatlor  '1)  prp««*''r6 

average  device  performance.  If  we  make  lEC  standard 
devices  from  boules  from  different  suppliers,  we  can 
expect  Che  measured  device  Q  values  to  have  a  real  spread 
due  to  systematic  variations  in  dislocation  densities  etc. 
The  six  known  scales ^ • ^2"14 , 1 7-23  suggest  spreads  of 
8  f  3Z  at  Q  •  I  million  and  10  *  4X  at  Q  ■  2  million. 


TABU  2 
Qtr  Scales 


Philips 

1.50 

Q  X  10"6 

1.80 

2.00 

Toyol7-15 

1.43 

1.73 

1.94 

Sawyer 

1.57 

2.08 

2.33 

Doddl2 

1.29 

1.48 

1.65 

! Iasi* 

1.60 

1.91 

2.12 

Mean 

i 

1.50 

t  0.17  1.80  t  0.26 

2.01  +  0.29 

The  Philips  scale  is  best  defined  at  3410  cm'^  but  can  be 
defined  at  3500  and  3585  cm“l.  The  Toyo  scale  is  for  3585 
cm"l.  The  other  scales  are  defined  for  3500  cm  l.  The 
Sawyer  scale  has  recently  been  revised^^.  The  tabulated 
value  Is  Che  old  scale.  The  new  scale  values  are  1.45, 
1.77  and  1.95  respectively. 


TABLE  3 

RMS  Differences 


Quantity 

Difference  x  10'^ 

Q3585  - 

Q3410 

0.105 

0.119 

0.127 

j  93585  - 

93500 

O.lOl 

0.113 

0.123 

;  Q35OO  - 

93410 

0.081 

0.094 

0.105 

1  Q  range 

(millions) 

0.8-1. 5 

1.5-2. 5 

1 

2. 5-3. 2 

Standard  errors  are  about  0.007  x  10^.  Arithmetic  average 
differences  in  the  quantities  have  average  values  of  about 
0.006  million.  Hence  the  ratios  of  the  Cy  values  In 
Table  1  cannot  vary  much  from  the  ones  assumed-  Actual 
ratios  are  C3<,io/C35O0  "  1-2j2  ♦  0.019,  C34io/^j585  * 

1.174  ♦  0.018  and  C3585/C350O  "  1*0^2  t  0.016.  Similarly 
the  errors  In  the  a"y  values  should  not  exceed  ♦  0.0009. 


TABLE  4 

Qtb  Measurement  Errors 


Wave  number 

RMS  Errors  x  10" 

6 

3585 

0.086 

0.095 

0.101 

3500 

0.053 

0.061 

0.071 

3410 

0.061 

0.071 

0.077 

Q  X  10'4 

0.8  to  1.5 

1.5  to  2.5 

2.5  to  3.2 

Standard  errors  are  about  0.005  x  10^ 
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TABLE  S 


TABLE  6 


Drive  L^vel  Dependence  (Power  Change  5  pW  to  100  ijW) 


Qxr  *  2  million 

Qxr  •  1  million 

ARi 

(ohms ) 

l.O  *  1.0 

2.5  »  3.0 

(ohms ) 

17 

30 

Af 

(Hi) 

8.0  ♦  A. 9 

23.3  *  8.7 

(MHt) 

10 

10 

Rl  is  equivalent  series  resistance  t  is  the  resonant  frequency, 
and  Af  are  average  values  of  the  changes  seen. 


Device  Yields 


Qir  (Millions) 

Good  devices  per 

(k>od  Devices  per 

lOO  potential 

1(X)  surviving 

blanks 

blanks 

1 

48 

70 

2 

90 

95 

Variations  in  yields  at  various  tloes  give  uncertainties 
of  about  ±  2  or  ±  3  in  the  yield  figures.  These  nay 
reflect  the  variations  in  Q  values  in  the  batches.  For 
Q  •  1  raillion  the  variations  were  t  0.2  sdlllon  and  for 
Q  «  2  the  variations  were  t  0.1  million. 


TABLE  6 


Breaking  Strain  as  a  Function  of  Qra 


TABLE  9 


(Millions) 

Breaking  Strain 

Nq*  (c«"^) 

2.3 

2.0  X  10-3 

80 

2.1 

1.5  X  10-3 

105 

1.7 

1.25  X  10-3 

180 

1.0 

1 _ 

1.05  X  10-3 

670 

*These  are  Che  expected  dislocation  densities. 

The  thermal  shock  to  break  a  crystal  Is  roughly 
Tg  -  34  +  5Q^  (*0  when  Nq  -  Np  and  Q  is  tj  millions. 
For  each  factor  of  2  by  which  Nq  exceeds  subtract 
8.8*C. 


TABLE  7 

Changes  in  Device  Q  Values 


QD  for 

Qxr  ”  1  million 

1 

Increase  when  Qxr 
raised  to  2  million 

Philips  2.7  X  lO'* 

Toyo  2.0  X  103 

Expected  Found 

2Z  37X 

lOZ  20Z 

Expected  changes  are  calculated  ualng  equation  (^) 
assuming  that  the  Q(  are  constant. 


Qtr  Data  on  Two  Samples  of  Six  Houles  From  Different  Batches 


Q3410 

2  point  6  point 

Q3585 

2  point  6  point 

2.66 

2.66 

2.63 

2.59 

2.77 

2.72 

2.76 

2.72 

2.68 

2.73 

2.65 

2.76 

2.79 

2.71 

2.78 

2.63 

2.50 

2.60 

2.50 

2.59 

2.58 

2.69 

2.57 

2.59 

2.680  t  0.086 

2.662  *  0.049 

2.648  t  0.108 

2.663  t  0.071 

2.87 

2.79 

2.91 

2.80 

2.79 

2.71 

2.72 

2.70 

2.73 

2.79 

2.78 

2.87 

2.70 

2.74 

2.78 

2.73 

2,56 

2.65 

2.47 

2.54 

2.74 

2.75 

2.77 

2.77 

2.732  i  0.103 

2.738  t  0.053 

2.738  t  0.146 

2.735  t  0.112 

Data  are  10  .  Columns  headed  n-polnt  contain  Q's  measured 

at  n  points  per  boule«  Standard  deviations  are  for  the  sample. 

To  obtain  batch  values  It  Is  necessary  to  multiply  by  Yates' 
correction  {N/(N~l))i  where  N  is  the  number  in  the  sample. 
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TABLE  10 


The  Values  of  A  and  B  In  Equation  ( 1&) 


A 

B(Lotal) 

B  (res idual ) 

Over  all  Distribution 

5.00 

0.37 

I 

0.30 

1  Supplier  A 

..75 

0.26 

0.14 

j  Supplier  B  ' 

4.94 

0.24 

0.10 

j  Supplier  C 

5.36 

0.20 

0.09 

'  Average  Supplier 

5.00  }  0.31 

0.23 

O.ll 

J _ 1 

Uacercalncles  In  A,  B  (total)  and  B  (residual)  values  are 
respectively  about  t  0.06,  t  O.OA  and  t  0,05.  Variations  between 
batches  from  one  supplier  do  not  significantly  exceed  these  values. 

B  (total)  may  depend  on  Qir*  ®  (total)  values  for  Qir  '»  2.5  are 
on  average  0.02  less  than  the  tabulated  ones  and  for  Qir  <  1.5  the 
B  (total)  values  are  about  0.02  higher.  Note  that  with  these  values 
N0  is  In  cm 


TABLE  11 

Dislocation  Densities  (cm~^) 


' 

Median 

OiR 

Va  lues 

■  1  million 

Qir  •  million 

Over  all  Distribution 

670 

120 

Supplier  A 

380 

70 

Supplier  B 

580 

100 

Supplier  C 

1530 

270 

Average  Supplier 

650 

110 

Upper 

Decile  Values 

Over  all  Distribution 

1700 

300 

Supplier  A 

630 

100 

Supplier  B 

850 

150 

1  Supplier  C 

1700 

300 

Average  Supplier 

1310 

230 

Worst  Supplier 


2100 


Impurity  concentration  (ppma) 


2 


2  points  per  boule 


3410  cm"’  median  values  . 

rms  deviations  of  data 
about  the  median  values 
are  ±0.02 


Fig.  7 
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Summary 


A  non  destructive  method  using  X-ray  diffraction 
provides  a  fast  solution  to  the  determination  of  crys¬ 
tal  handedness  on  a  quartz  plate.  We  observe  succes¬ 
sively  both  sides  of  the  blank,  measuring  the  inten¬ 
sity  of  the  reflected  beam  on  some  lattice  planes. 

With  a  chart  calculated  according  the  anomalous  scat¬ 
tering  for  a  quartz  crystal  we  can  settle  the  hande¬ 
dness.  Before  this  observation,  we  only  have  to  know 
which  of  the  two  sides  of  the  plate  is  the  side  cor¬ 
responding  to  the  angle  value.  Results  are  given 

for  several  doubly  rotated  quartz  plates  cut  in  cultu¬ 
red  or  natural,  right  or  left  handed,  crystals. 

Key  words  :  X-ray  diffraction,  quartz,  hande¬ 
dness,  anomalous  scattering,  absolute  orientation. 

Introduction 

Theoritically  when  we  prepare  a  quartz  resona¬ 
tor  we  always  know  the  handedness  of  the  crystal.  If 
it  is  a  natural  quartz  this  property  has  been  opticaly 
verified  on  the  block  at  the  very  begining  of  the  pre¬ 
paration  of  the  sawing.  If  it  is  a  cultured  quartz 
the  handedness  is  known  either  from  the  observation 
of  natural  faces  grown  in  the  autoclave  at  both  ends 
of  the  quartz  bar,  or  optically  verified.  This  quality 
is  not  lost  during  the  process  of  the  manufacturing 
of  the  resonator  whose  handedness  is  identified  by  a 
tag.  So  it  seems  useless  to  try  to  determine  this 
property  on  a  finished  resonator,  but  sometimes  we 
wish  to  verify  this  quality  if  we  match  right  and 
left-handed  quartz  for  a  resonator.  We  also  may  have 
a  set  of  unlabeled  old  quartz  resonators  for  which  we 
need  absolutely  this  qualification.  In  such  a  case  an 
optical  method  cannot  be  undertaken  because  it  works 
only  with  plates  whose  orientation  is  close  to  a  Z 
cut.  The  etching  methods  are  destructive  and  they  can¬ 
not  be  used  on  a  finished  resonator. 

We  propose  a  non  destructive  method  using  X-ray 
diffraction.  On  a  goniometer  we  observe  successively 
each  side  of  the  plate,  measuring  the  intensity  of 
the  reflected  beam  on  some  special  lattice  planes. 

This  method  has  been  checked  with  slides  we  have  made 
and  with  finished  resonators, some  even  coated  with  their 
metallic  electrodes. 

The  X-ray  goniometer  we  use  has  been  concepted 
in  our  laboratory  in  Besan^on.  This  device  is  useful 
for  measuring  the  orientation  of  doubly  rotated  cuts.* 
It  is  also  very  convenient  for  the  handedness  deter¬ 
mination.  The  crystal  is  placed  on  a  rotating  table. 

The  plate  orientation  is  determined  without  any  refe¬ 
rence  sample.  This  procedure  avoids  error  coming  from 
a  reference  measurement.  The  size  of  the  quartz  is  of 
no  importance.  We  can  measure  easily  a  quartz  as  big 
as  those  coming  from  autoclaves  or  as  small  as  a  watch 
resonator  or  a  finished  100  MHz  resonator. 


Before  introducing  our  method  we  recall  a  well 
known  property  in  X-ray  diffraction  called  anomalous 
scattering  which  gives  a  difference  between  left  and 
right-handed  crystals.  This  property  may  be  also  linked 
to  the  lack  of  an  inversion  center  in  a  crystal. 

Effect  of  the  anomalous  scattering 

Without  using  the  diffraction  formalism  but 
only  with  the  reflection  model  of  an  X-ray  beam  upon 
a  lattice  plane,  we  can  describe  the  effects  of  the 
anomalous  scattering.  If  we  call  intensity 

of  the  X-ray  reflected  beam  on  a  lattice  plane  of  which 

h, k,l  are  the  indexes,  this  intensity  is  associated 

with  the  positive  direction  of  the  perpendicular  to 
the  plane.  This  direction  corresponds  to  the  ”+"  side. 
Then  we  call  the  intensity  of  the  reflected 

beam  on  the  same  plane,  but  on  the  other  sid^  now  cal¬ 
led 

The  anomalous  scattering  theory  foresees  that 

with  a  non  centrosymmetrical  crystal  as  quartz  the 

ratio  (hk L) (jfiki)  different  from  1.^  If  for 

a  right-handed  quartz  this  ratio  is  greater  than  one  : 

I /Li  1  V /I .■rrT\  ^  then  it  will  be  smaller  than  one 
(hkl)  ihkl)  ' 

for  a  left-handed  quartz  :  I . /I I-  With 

(hkl)  (hkl) 

quartz  this  ratio  is  very  close  to  one  because  the 
crystal  is  built  with  only  silicium  and  oxygen  atoms, 
which  are  light  atoms,  and  because  we  use  here  the 
copper  wavelength. 

Now,  the  only  task  is  to  distinguish  which  side 
of  the  lattice  plane  we  are  observing,  because  the 
same  side  will  give,  for  instance,  the  great  value  if 
the  quartz  is  right-handed  and  the  low  value  if  it  is 
left-handed.  But  we  are  in  an  actual  maze  because 
when  we  turn  the  blank  on  the  goniometer  table,  the 
side  formerly  placed  in  front  is  now  behind  and  all  the 
observations  are  changed.  The  same  observation  condi¬ 
tions  give  the  weak  value  instead  of  the  strong  one 
given  just  before.  We  cannot  yet  determine  the  hande¬ 
dness  because  the  observed  effect  cannot  be  "iscribed 
to  the  handedness.  We  would  be  able  to  answer  the 
question  if  we  had  known  before  these  observations 
where  the  side  called  "+"  of  the  lattice  plane  is 
placed  in  the  blank.  This  problem  is  nothing  other 
than  knowing  the  absolute  orientation  of  the  blank, 

i. e.  determining  the  0  and  9  angles  with  their  signs 
on  both  sides  of  the  blank.*  Theorically,  when  we 
observe  the  front  side  or  the  back  side  of  a  blank 
they  have  the  same  absolute  value  for  0  and  t.  Only 
the  sign  of  9  is  changed.  No  the  problem  is  to  find 
the  value  of  0  and  9  with  their  signs. 
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Petermination  of  0  and  $  angles 

The  absolute  value  of  these  angles  are  deduced 
frofli  the  observation  of  two  different  reflections. 

For  a  doubly  rotated  cut  these  two  angles  are  calcula¬ 
ted  from  the  observation  of  three  or  more  reflections. 

A  theoretical  point  of  view  requires  thus  because 
from  the  three  perpendiculars  to  the  observed  lattice 
planes  we  have  a  three  axis  system.  By  angular  trans¬ 
formations  we  can  express  the  blank  orientation  with 
0  and  $.  If  it  is  a  routine  control,  we  need  only  two 
measurements. 

Determination  of  the  0  angle  sign 

The  sign  of  0  angle  is  very  easily  determined 
using  the  symmetry  difference  between  the  quartz  crys¬ 
tal  and  its  lattice.  The  quartz  symmetry  is  lower  than 
that  of  the  lattice.  Their  point  groups  are  respecti¬ 
vely  32  and  6/m  mm.  For  that  very  reason  we  have  a 
difference  between  the  reflected  beam  on  two  lattice 
planes  as  fhkl)  and  (khl).  In  chart  we  find  the  value 

of  the  ratio  I , /I ,  n  -  For  the  sign  determination 
(hkl)  (khl) 

it  is  very  helpful  to  observe  planes  for  which  this 
ratio  is  very  small  or  very  large.  So  if  we  can  see  a 
reflection  on  one  of  them,  the  reflection  on  the  other 
is  too  weak  to  be  noticed.  If  the  chart  gives  the 
indexes  of  the  plane  and  its  0  and  $  position,  with 
the  reflective  power  we  deduce  immediately  the  sign 
of  the  0  angle.  The  absolute  value  has  been  determined 
before.  This  method  can  only  give  the  sign  of  0  because 
as  we  have  seen  that  the  sign  of  $  is  changed  with  the 
side  of  the  observed  blank. 

Determination  of  the  angle  sign 

For  the  determination  of  the  $  angle  sign  we 
use  a  very  different  method.  Given  three  lattice 
planes  1,  2,  3  of  the  quartz  cryst^al  and  their 
perpendiculars, respect! vely  n^,  Pj,  n^,  these  three 

directions  form  an  axis  system.  The  blank  being  placed 
on  the  goniometer  table,  from  the  front  side  we  can 
see  this  axis  system  as  a  rigth-handed  system.  Turning 
the  blank  to  the  opposite  side,  the  same  axis  system 
is  now  left-handed. 

If  we  project  these  three  directions  n^,  n^,  n^ 
on  the  plane  of  the  blank,  we  have  p^,  p^,  Pj.  With 

the  goniometer  we  use,  we  are  able  to  measure  the 
angles  bj  between  p^,  p^,  Pj  and  a  direction 

on  the  blank,  for  instance  the  edge  of  the  blank. 

When  the  axis  system  is  right-handed  we  have  the  fol¬ 
lowing  inequality  p^  <  Pp  <  pj.  When  it  is  left-handed 

we  have  :  p^  >  Pp  >  p^.  So  we  can  find  a  distinction 

between  both  sides  of  the  blank.  In  practice  we  compu¬ 
te  these  p  angles  for  three  or  more  reflections  on 
both  sides  of  the  blank.  It  corresponds  to  the  orien¬ 
tations  0,  +6  and  0,  Then  we  measure  the  p^  angle 
on  one  side  of  the  blank.  Comparing  the  observed  va¬ 
lues  P(j  with  the  calculated  values  p^.  we  deduce  the 
"sign”  of  the  front  side. 

Handedness  determination 

As  previously  seen,  we  know  which  side  of  the 
plate  is  placed  in  front  of  us  on  the  goniometer 
sample  holder.  We  measure  the  intensity  of  the 
reflected  beam  on  the  same  lattice  plane  for  each 
side  of  the  plate  and,  from  the  difference  which  ap¬ 
pears,  we  deduce  the  crystal  handedness.  This  method 


has  been  checked  for  plates  of  several  origins. 


First  plate 


0  =  12,24°  |$|  =  8,55° 

Side  "+$” 

Side  "-9" 

Observed 

side 

(hkl) 

^^c 

P  -P 

C  0 

(hkl) 

C  0 

% 

(040) 

55 

290 

(040) 

305 

180 

125 

(124) 

259 

338 

- 1 

(124) 

101 

180 

281 

(120) 

131 

82 

(T20) 

229 

180 

49 

The  observed  side  is  the  side  "-9" 

Table  1 


On  this  table  we  have,  on  the  first  line,  the  plate 
orientation  expressed  by  0  and  |il>|.  Then,  we  have  three 
columns  :  one  for  the  side  corresponding  to  the  +$ 
angle,  one  for  the  side  corresponding  to  the  -$  angle 
and  one  for  the  observed  side  we  have  called  previously 
the  front  side.  The  indexes  of  the  lattice  planes  and 
the  differences  between  the  calculated  and  observed 
values  of  the  p  angles  are  indicated  for  each  sign  of 
the  il>  angle.  As  the  difference  remains  constant  for 
one  of  the  two  hypotheses  on  the  $  angle  sign,  the 
absolute  orientation  of  the  front  side  is  0  =  12,2A°, 

<>  =  -  8,55». 

On  the  chart  we  read  ^(120)^^(120)  ”  ^ 
^(124)'^^(T24)  ~  0,98  for  a  left-handed  crystal.  The 

first  measured  intensity  associated  with  (120)  is  3350 
(arbitrary  unit),  and  the  second  associated  with  (120) 
is  4200.  With  the  same  arbitrary  unit,  I(124)  "  13100 

and  1^124)  "  13400.  We  conclude  that  the  plate  has  been 

cut  in  a  left-handed  crystal.  It  is  the  expected  hande¬ 
dness,  because  it  was  a  natural  quartz,  with  the  charac¬ 
teristic  left  trigonal  t rapezohedron,  in  which  a  very 
thick  Z-cut  has  been  optically  checked. 

Second  plate 


0  =  34,65°  |$1  =  22,50° 

Side  "+$" 

Side  "-4>" 

Observed 

side 

(hkl) 

P  "P 

(hkl) 

C  0 

% 

(116) 

280 

204 

(116) 

80 

4 

76 

(143) 

175 

354 

(143) 

185 

4 

181 

(121) 

52 

108 

(121) 

308 

4 

304 

The  observed  side  is  the  side 

Table  2 
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For  a  Left-handed  crystal  :  I 
and  I(i43)/I(i43)  = 

^(121)  =  27400 


Observation  : 

^(143) 


8900 


(121)^^(121) 


^(121) 

^(143) 


32400 

9500 


Conclusion  :  Righ-handed  quartz. 

This  plate  has  been  cut  in  a  cultured  quartz  block. 


Third  plate 


0  =  35,11°  |<}>|  =  21,50° 

Side  "+0" 

Side  "-0" 

Observed 

side 

(hkl) 

^^c 

C  0 

(hkl) 

U-U 

C  0 

(052) 

143 

282 

(052) 

217 

356 

221 

(121) 

53 

282 

(121) 

307 

176 

131 

(234) 

308 

282 

(234) 

52 

26 

26 

The  observed  side  is  the  side  "+<I>" 

Table  3 

For  a  left-handed  crystal  :  1(121)^^(121)  “ 
an<l  I (234) ''^(234)  ' 

^(121)  ■  29500  1(121)  "  2^700 

Observation  ; 

-  2450  -  2050 


Conclusion  :  left-handed  quartz 

This  plate  has  been  cut  in  a  cultured  quartz  block. 


Fourth  plate 


0  =  9,25°  )$|  =  15,08° 

Side  "+9" 

Side  "-9" 

Observed 

side 

(hkl) 

C  0 

(hkl) 

'V. 

(021) 

222 

4 

(02?) 

138 

280 

218 

(141) 

251 

62 

(14?) 

109 

280 

189 

(130) 

66 

52 

(?30) 

294 

280 

14 

The  observed  side  is  the  side 

.  Table  4 


For  a  Left-handed  crystal  ;  ^(130)^^(130)” 

Observation  :  I(i30)  6600  ^(130)  ” 

Conclusion  :  Left-handed  quartz. 

This  plate  is  a  finished  resonator,  coated  with 
electrodes. 

Note  :  When  measuring  the  intensities  of  the  reflected 
X-ray  beam,  we  have  to  take  care  that  each  side 
of  the  plate  presents  the  same  surface  finish. 


Conclusion 

The  quartz  handedness  determination  for  doubly 
rotated  plates  is  easily  obtained  taking  in  account 
X-ray  diffraction  properties,  in  particular  the  anoma¬ 
lous  scattering  effect,  and  using  a  special  goniometer. 
This  method  is  suitable  for  all  enantiomorphous  crystals 
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RESISTANCE  -  MEASUBEMENTS  OF  QUARTZ  CRYSTALS  AT  VERY  LOW  DRIVE  LEVELS 

J.S.  Yerna 

Philips  Quartz  Crystal  Devices 
Doetinchem,  Holland 


Summary' 

The  change  in  application  caused  by 
the  introduction  of  I.C.'s  with  low  power 
nnd  low  noise  level  has  an  impact  on  the 
starting  up  behaviour  of  quartz  crystals. 

This  paper  discusses  various  ways  of 
measurement  with  respect  to  the  beliaviour  of 
Rr  in  a  large  di-ive  level  spectrum. 

1 .  INTRODUCTION 

Since  Prof.  Cady  demonstrated  the 
first  quartz  stabilized  oscillator  in  the 
year  of  1919,  the  construction  and  also  the 
application  of  quartz  crystal  units  have 
changed  tremendously. 

When  we  consider  the  progress  over  the  past 
fourty  years,  we  see  that  the  frequency 
stability  of  quartz  crystal  oscillators  has 
improved  roughly  by  a  factor  10  each  decade. 
The  growing  demand  for  quartz  crystal  units 
with  better  stability  figures  has  forced  the 
crystal  industry  to  improve  their  crystal 
design  techniques  and  to  look  for  new 
materials  and  technologies.  (CAD  and  CAM). 

The  availability  of  new  active 
components  like  transistors  and  integrat' 
circuits  (which  are  essential  low-"' ullage 
solid-state  devices)  has  opened  .he  way  to 
oscillators  with  lower  power  corsumption  and 
with  that  a  neglectable  own  warming-up  ..r  •  •  h 
is  important  for  a  good  stability. 

The  introduction  of  such  oscillators  had  had 
am  impact  on  quartz  crystal  design  and 
specification. 

It  may  be  of  interest  to  see  how  the  applied 
drive  level  changed  trough  the  years  as  a 
result  of  new  oscillator  design. 

(See  fig.  1 , ) 

In  1950  to  i960,  drive  levels  of  10  mW. 
were  normal  and  even  drive  levels  of  20  mW. 
were  not  unusual. 

Nowadays,  drive  levels  for  AT-cut  bulkwave 
resonators  are  mostly  specified  at  5OO  piW,, 
but  we  see  a  growing  number  of  applications 
were  the  level  of  drive  is  reduced  to  a  few 

pW. 

The  subject  we  will  discuss  now  is  the 
measurement  of  the  dependency  of  some 
quartz  crystal  paraunettrs  to  drive  level 
variat ions . 

We  prefer  the  use  of  the  term  D(rive) 

L(evel)  D(ependency)  which  is,  in  our 
opinion,  more  universal  tham  S.L.D. 


2.  NONLINEARITIES  OF  R  AT  LOW  DRIVE 

LEVELS  ^ 

The  lowering  of  the  drive  levels  in 
crystal  oscillators  introduced  a  phenomenon 
that  hardly  was  known  before.  Namely  the 
increasing  of  the  resonance  resistance  of 
crystal  units  at  low  drive  levels. 

Back  in  the  year  of  195^  Mr.  E.A.  Gerber 
reported  this  effect  for  the  first  time. 

After  that,  it  becaune  more  and  more  evident, 
that  this  effect  could  have  a  great  influence 
on  the  reliability  of  quartz  crystal 
oscillators,  especially  when  the  applied 
drive  level  is  low. 

In  MIL-C-3098  D  appears  for  the  first  time  a 
low  drive  level  test,  the  well  known  y  scale 
division  method.  This  means  a  check  at  a 
level  of  drive  of  approximately  100  pW. 

A  more  sophisticated  version  of  the 
MIL-method  was  proposed  by  Mr.  M.  Bernstein 
in  1967.  A  diagram)  of  this  set  up  is  given 
in  fig.  2. 

Fig.  3  shows  some  graphic  results  obtained 
with  this  method. 

This  method  was  later  adopted  in 
M'^'  ;09R  F,  F  and  G.  One  of  the  most 

lirpo  l.mt  disadvantages  of  this  measuring 
method  is,  that  the  lowest  detectable  drive 
level  is  somewhat  below  1  pW.  which  is  much 
too  high  to  investigate  the  crystal 
behaviour  at  noise  levels. 

Some  other  attempts  were  made  after  that,  to 
measure  D.L.D.,  but  no  solution  was  usable 
for  final  check  of  crystal  units  before 
shipment . 

In  order  to  overcome  this  lack  of 
adequate  measuring  equipment  for  D.L.D, 
testing  PHILIPS  has  developed  its  own 
measuring  systems. 

Before  discussing  these  systems,  we  have  to 
remember  the  basic  principles  of  quartz 
crystal  oscillators.  (See  fig.  h.) 

Every  crystal  oscillator  can  be 
considered  as  aui  amplifier  with  a  feed  back 
network  in  which  the  quartz  crystal  is 
incorporated.  To  medee  such  circuit 
oscillating,  there  are  2  important  conditions 
which  have  to  be  fulfilled. 

1.  The  loop  gain  must  be  > 1 . 

2.  The  feed-back  signal  at  the 
amplifier  input  must  have  the 
correct  phase  angle. 

When  a  crystal  oscillator  is  switched 
on,  there  is  only  some  noise  power  at  the 
amplifier  output  which  is  for  modern  devices 
far  below  1  pW. 
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A  very  small  part  of  this  noise 
spectrum  can  pass  the  feed  back  network 
with  the  quartz  crystal.  When  this  signal 
arrives  at  the  input  with  the  correct  phase 
angle,  oscillation  will  be  build  up  in 
accordance  with  the  e-law. 


It  will  be  clear,  that  the  presence 
of  some  non-linearity  of  R  can  cause 
starting  troubles  during  this  critical  phase. 


THE  PHILIPS  APPROACH  FOR  MEASUREMENT 
OF  D.L.D. 


In  general  one  can  say  that  there  are 
basically  2  ways  for  quartz  crystal 
measurement:  active  and  passive,  each  having 
its  own  advantages  and  disadvantages. 


Measurement  of  the  D.L.D.  effect  of 
quartz  crystal  units  can  also  be  done  both 
active  and  passive. 

Block  diagram  5  shows  schematically  the 
measuring  systems  which  have  been  developed 
within  PHILIPS  including  the  usable 
frequency  and  drive  level  range  of  each 
method . 


Before  discussing  in  detail  the  4 
measuring  methods,  it  is  good  to  point  out 
the  application  field  each  method  was 
developed  for. 


METHOD  1 ;  This  is  a  fast  go-nogo  test 
for  screening  large  quantities  of 
fundamental  quartz  crystal  units  which  we 
are  producing  for  consumer  and  semi- 
professional  applications. 


METHOD  2 ;  This  is  an  improved  version 
of  method  1  which  gives  more  qualitative 
information  about  the  quartz  crystal  unit 
under  test.  The  measuring  time  is  about  h 
times  method  1. 


METHODS  I  and  4 ;  These  methods  are 


based  on  the  pas 
according  to  the 
The  advantages  o 
the  D.L.D.  of  bo 
resonance  resist 
aame  time  over  w 
reproducable  way 
The  application 
manufacture  of  h 
crystal  un  its. 


sive  transmission  method 
I.E.C.-444  recommaindation. 
f  these  methods  are,  that 
th  resonance  frequency  and 
ance  can  be  measured  at  the 
ide  power  ranges  in  a  good. 


field  is  primarily  the 
igh  professional  quartz 


4. 


D.L.D.  OSCILLATOR  FOR  GO-NOGO  TEST  OF 


QUARTZ  CRYSTAL  UNITS 


PRINCIPLE  OF  MEASUREMENT:  (See  fig.  6). 
This  test  set  up  consists  of  a  carefully 
designed  crystal  oscillator  which  cam  be 
considered  as  a  true  negative  resistance  over 
a  wide  frequency  range,  a  feed  back  network 
which  limits  the  power  dissipation  in  the 
crystal  unit  to  10  ^  Watts  and  a  detector 
circuit  with  a  LED  for  visual  indication. 

The  negative  resistance  (and  with  this  the 
D.L.D.  reject  level)  of  the  oscillator  can 
be  changed  by  connecting  a  positive  resistor 
In  series  with  the  oscillator. 

In  this  manner,  each  value  between 
O  and  200  Xl  may  be  selected. 

Connecting  a  quartz  crystal  unit  with  a 


sufficient  low  R  -value  between  the  test 
clamps,  an  oscillation  will  build  up  starting 
frojop^the  initial  noise  level  (approximately 
10  10  ^  Watts)  to  its  limitation  point 

of  10  W.  following  the  e-law.  (Fig.  7). 

If  the  crystal  under  test  should  show 
a  certain  degree  of  D.L.D.,  it  is  possible 
that  the  oscillation  aimplitude  cannot  reach 
the  10  W.  limiting  point  (point  B  in 
fig.  8). 

In  the  example  of  fig.  8,  the  building  up  of 
the  oscillation  is  terminated  at  a  much  lower 
level  of  drive  (point  a) . 

Normally,  in  such  cases  no  oscillation  is 
observed  and  only  with  very  sensitive 
equipment,  some  oscillation  can  be 
established. 

If  a  crystal  reaches  the  1  mW.  level 
(point  B),  the  LED  indicator  will  light  up. 
This  means  that  the  quartz  crystal's 
resonance  resistance  did  not  exceed  the 
D.L.D.  reject  level  during  its  starting  up 
from  10  ^  Watts. 

D.L.D.  test  oscillators  of  this  type 
are  employed  on  automatic  inspection 
machines  used  for  quantity  production. 

A  disadvantage  of  this  method  (which  had  led 
to  the  development  of  method  2)  is,  that  it 
is  not  a  real  D.L.D.  measurement  rather  thtm 
a  check  for  R_-max.  in  a  certain  drive  level 
range . 

A  crystal  unit  with  a  R^-curve  like 
curve  I  in  fig.  9  for  example,  would  pass 
this  test  as  a  good  one.  On  the  other  hand, 
crystals  with  curves  like  curve  II  would 
have  been  rejected  although  the  D.L.D.  is 
much  smaller. 

The  advantages  of  this  measurement 
are:  fast,  easy  to  calibrate,  simple  set  up 
euid  inexpensive. 

5.  "AR"  MEASUREMENT  (METHOD  2) 

This  is  essentially  the  same  negative 
resistance  oscillator  of  -200Jlas  described 
with  method  1 , 

The  difference  is,  that  the  oscillator's 
negative  resistance  is  almost  Ofl  at  normal 
state.  This  metuis  no  oscillation  can  occur. 
After  triggering  the  control  logic, 

(manual  or  automatic,  see  fig.  1o)  the 
negative  resistance  of  the  oscillator  will 
grow  very  slowly. 

This  is  done  by  a  pindiode  attenuator.  At  a 
certain  negative  resistance  level,  the  loop 
gain  will  exceed  1  and  oscillation  starts. 
When  the  amplitude  of  oscillation  reaches 
the  1  mW,  level,  the  pindiode  attenuator 
will  keep  oscillation  at  this  level  for 
approximately  1  second.  After  that,  the 
oscillator  is  brought  back  to  its  normal 
state  which  means  -R  is  almost  0  fl  and 
oscillation  stops. 

The  oscillator  is  ready  now  for  the  next 
trigger  command. 

The  principle  behind  this  measuring 
method  is  as  follows:  The  control  voltage 
to  the  pindiode  attenuator  has  a  close 

relation  to  the  crystal's  R  . 

K 


So  the  maximum  control  voltage 
(corresponding  with  highest  R^-value) 
necessary  for  maintaining  oscillation 
between  10  ^  and  10  ^  Watt  is  stored  in  an 

Euialogue  memory^ 

Reaching  the  10  Watt  level,  this 
corresponding  Rj^-value  is  subtracted  from 
the  stored  Rj^-max.  value.  The  result,  we 
call  this  "aR",  is  displayed  on  a  meter, 
or,  in  case  of  automatic  repeating 
measurement,  recorded  with  an  X-t  recorder. 

( See  f ig .  1 1  )  . 

The  advantages  of  this  method  are: 

-  relative  simple  set  up, 
inexpensive ; 

-  method  gives  qualitative 
information  about  D.LoD.; 

-  relative  short  measuring  time 
(between  2  and  5  seconds). 

Some  disadvantages  are: 

-  limited  frequency  range; 

-  difficult  callibration  of  ARpI 

-  no  measurement  of  F^,  as  a  function 
of  drive  level  changes. 

6.  D.L.D.  MEASUREMENT  OF  QUARTZ  CRYSTAL 

UNITS,  USING  THE  I. E.C.rt -NETWORK 

(methods  3  AND 

PRINCIPLE  OF  MEASUREMENT 

Fig,  13  shows  the  well  known 
/X  -network  which  is  adapted  with  2 
stepping  attenuators. 

With  this. set  up,  a  drive  level  range  from 
2,5  X  10  to  5  X  lO”’^  Watts  can  be 
scanned  automatically  in  two  ranges,  using 
1  dB  steps. 

The  great  advantage  of  using  2 
attenuators  is,  that  the  RF  voltage  on 
channel  B  of  the  vector  volt  meter  remains 
constant  over  the  entire  64  dB  power  range. 
This  means  for  example,  that  crystals  can  be 
driven  over  a  dynamic  power  reuige  of  64  dB 
without  changing  meter  settings  or 
re-call  ibrat  ion  of  the  R^^  measurement. 

During  the  development  of  this 
measuring  method,  it  bectune  clear,  that  for 
drive  levels  below  10  nW. ,  the  vector  volt 
meter  sensitivity  was  not  sufficient  and 
also  the  S/N  ratio  was  bad. 

For  these  reasons,  a  different  rt-network 
has  been  developed.  A  simplified  diagram  of 
this  network  is  shown  in  fig.  l4. 

The  last  part  of  the  rr-network  was 
replaced  by  a  low  noise  transistor  in  a 
common  base  configuration.  Using  this 
special  network,  the  drive  level  range  was 
extended  to  0,25  pW.  with  a  reasonable  S/N 
ratio , 

MEASURING  PROCEDURE 

-  Connect  network  A  or  B  to  the 
meauring  system,  depending  on  the  desired 
drive  level  range. 

-  Insert  the  quartz  crystal  unit  and 
wait  for  automatic  lock  of  the  PLL. 


-  Depress  the  start  button.  Both 
attenuators  are  switched  now  in  an  opposite 
sense  at  regular  intervals  by  a  signal  from 
the  control  logic. 

The  stepping  time  (sceinning  speed)  may  be 
selected  between  1  dB  per  10  seconds  to 
10  dB  per  second. 

-  During  one  complete  measuring  cycle, 
the  drive  level  of  the  crystal  unit  under 
test  is  varied  from  -64  dB  to  max.  tuid  than 
back  to  -64  dB  in  1  dB  steps. 

-  The  resonance  frequency  F^  and  the 
resonance  resistance  R  of  the  crystal  unit 
as  a  function  of  the  level  of  drive  are 
recorded  simultanously  using  a  2  pen 
XY-recorder . 

Fig.  15  to  18  are  showing  some 
measuring  results,  obtained  with  these 
methods . 
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FIC.  2  MODIFICATION  OF  CMTSTAL  TEST  SET 


PHILIPS-ELCOMA  QUARTZ  CRISTAL  UNITS 


D.L.D.  TEST  FORM 


happens  normally  during  its  service  lifetime. 
Clearly,  an  aging  measurement  made  during 
thermal  cycling,  as  described  above,  gives  a 
more  realistic  indication  of  how  an  oscillator 
will  age  in  the  field,  particularly  if  the 
duration  of  the  test  is  limited  to  30  days. 
The  present  standard  aging  test  will  probably 
be  revised. 

It  is  interesting,  and  unexplained,  that  one 
group  showed  better  aging  during  thermal 
cycling  than  at  constant  temperature. 


DC  Bias  Induced  Aging 

Elsewhere  in  these  proceedings  is  a  paper 
entitled  "Aging  Studies  On  Quartz  Crystal 
Resonators  and  Oscillators"  in  which  it  is 
shown  that  a  DC  bias  on  a  resonator  can  have  a 
long  term  effect  on  the  frequency  of  the 
resonator.  The  effect  is  independent  from  the 
polarization  effect  observed  for  SC-cut 
crystals . 

Several  of  the  TCXO  that  were  tested  for  this 
paper  were  opened  and  tested  for  the  presence 
of  such  a  DC  bias.  A  voltage  was  found  in  all 
cases,  ranging  in  value  from  100  millivolts  to 
more  than  four  volts. 

While  further  investigation  of  the  effects  of 
low  voltages  on  TCXO  resonators  remains  to  be 
done,  designers  may  want  to  take  this 
phenomenon  into  account  and  design  new 
circuits  to  eliminate  any  DC  bias  on  the 
resonator . 
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Summary 


The  availability  of  Temperature  Compensated 
Crystal  Oscillators  (TCXO)  in  the  one  part  per 
million  (ppm)  class  remains  a  problem  for 
military  designers. 

A  continuing  evaluation  at  Fort  Monmouth,  NJ, 
is  aimed  at  determining  the  capabilities  of 
TCXO,  particularly  the  higher  stability  types. 

Since  the  last  (37th)  Frequency  Control 
Symposium,  at  which  initial  results  of  the 
program  were  reported,  additional  high 
stability  TCXO  have  been  ordered. 
Significantly,  three  of  the  vendors  who  had 
claimed  a  capability  of  making  0.6  or  better 
TCXO  requested  cancellation  of  orders  after 
more  than  one  year. 

This  paper  will  present  the  results  of 
measurements  of  frequency-temperature 
stability,  trim  effect,  aging  at  constant 
temperature,  and  aging  during  repeated 
temperature  cycling. 

The  data  reinforce  our  previously  stated 
findings  that  TCXO  in  the  one  ppm  stability 
class  are  at  the  edge  of  the  state  of  the  art, 
and  notwithstanding  manufacturer's  claims  to 
the  contrary,  0.6  ppm  or  better  TCXO  are  not 
available  for  use  over  a  wide  (e.g.,  -55  C  to 
+85  C)  temperature  range. 

Key  words 

Crystal  oscillator,  aging,  stability,  trim 
effect 


Introduction 


It  is  often  found  that  the  Temperature 
Compensated  Crystal  Oscillators  (TCXO)  that 
are  specified  for  military  systems  fail  after 
a  relatively  short  time,  sometimes  even  before 
a  delivered  system  is  released  to  the  field. 
The  failures  are  chiefly  related  to 
out-of -tolerance  frequency  performance.  In 
some  cases  the  cause  has  been  found  to  be 
poor  aging  and,  as  a  result,  the  consequent 
distortion  of  the  frequency-temperature  curve 
due  to  the  trim  effect  (sometimes  referred  to 
as  "skew").  In  other  cases,  the  oscillators 
could  not  provide  the  required 
f requency-temperature  (f-T)  stability  even 

before  any  long  term  aging. 

To  assess  the  current  state  of  the  art  of 
moderate  precision  TCXO,  there  has  been  an 
ongoing  program  of  testing  and  evaluation  at 
Fort  Monmouth.  Initial  results  of  the  program 


were  presented  at  the  37th  Frequency  Control 
symposium  and  the  reader  is  referred  to  the 
Proceedings  for  a  description  of  the  tests  and 
apparatus  used.l 

Since  the  first  presentation  of  this  work,  an 
additional  40  oscillators  have  been  received 
and  tested.  The  new  oscillators  were  specified 
to  have  f-T  stability  better  than  1  part  per 
million  (ppm). 

Two  additional  tests  have  been  added  to  the 
previous  battery,  namely,  trim  effect  and 
aging  during  thermal  cycling.  (  The  trim 
effect?  is  the  rotation  of  a  resonator's  f-T 
characteristic  caused  by  the  insertion  or 
adjustment,  i.e.,  trimming,  of  a  series  load 
capacitor  to  tune  the  resonator  to  frequency. ) 
The  trim  effect  test  gives  an  indication  of 
the  useful  life  of  a  particular  TCXO  design 
when  coupled  to  the  typical  aging  performance 
of  that  design.  The  aging  during  thermal 
cycling  gives  a  more  realistic  indication  of 
the  performance  of  an  oscillator  than  aging  at 
constant  temperature. 


Trim  Effect 

Oscillator  f-T  curves  were  first  obtained 
after  setting  the  frequency  to  the  marked 
calibration  frequency  at  the  marked 
calibration  temperature  by  adjustment  of  the 
trimmer  capacitor  or  potentiometer.  The 
oscillators  were  then  offset  +2,  +4,  -2,  and 
-4  ppm.  After  each  readjustment  the  f-T  curve 
was  again  observed.  Figure  1  is  typical  of  the 
results  obtained.  Note  that  when  this 


Pig.  1  Frequency-temperature  stability  of  a 
typical  0.6  ppm  TCXO  at  different  trimmed 
frequency  offsets. 
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oscillator  is  adjusted  for  -4  ppm  offset  (to 
correct  for  a  hypothetical  aging  of  +4  ppm), 
the  stability  falls  outside  the  0.6  ppm 
specification  limit.  The  rotation  of  the  f-T 
curve  is  obvious. 

Table  I  shows  the  results  of  trim  effect  tests 
on  56  TCXO.  Observe  that  for  oscillators  in 
the  classes  of  one  to  three  ppm  the  trim 
effect  has  no  influence  on  f-T  stability. 
However,  for  stabilities  better  than  0.6  ppm  a 
frequency  trim  of  four  ppm  caused  all  but  one 
of  the  models  to  degrade  beyond  the  f-T 
specification.  Also  note  that  three  vendors, 
who  had  promised  delivery  of  five  TCXO  each 
with  0.2,  0.5,  and  0.6  ppm,  cancelled  the 
orders  at  their  own  request.  It  is  evidently 
still  true  that  0.6  ppm  (f-T  stability)  and 
better  TCXO  are  at  the  edge  of  the  state  of 
the  art. 


FREQUENCY-TEMPERATURE  RESULTS 
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Aging  During  Thermal  Cycling 

Two  oscillators  from  each  group  of  five  from 
seven  vendors  were  subjected  to  the  thermal 
cycling  profile  shown  in  Fig.  2.  The  other 
three  oscillators  from  each  group  were  aged  at 
a  constant  temperature  (60  deg.  C). 

The  cycled  oscillators  were  held  at  60  C  for 
twenty  hours.  The  frequency  was  then  measured 
and  recorded.  Following  the  frequency 
measurement,  the  temperature  chamber  was  set 
to  -60  C  for  two  hours,  then  to  +80  C  for  two 
hours,  then  returned  to  60  C.  This  profile  was 
repeated  daily  except  that  once  every  seven 
days  a  f-T  curve  was  generated.  The 
temperature  of  the  constant-temperature 
chamber  was  stable  to  +/-  0.05  C  for  the 
duration  of  the  test.  The  temperature  of  the 
cycled-temperature  chamber  retraced  to  +/- 
0.125  C.  The  data  shown  below  represent  the 
results  of  38  days  of  testing. 

Figure  3  is  a  representative  plot  of  the  aging 
of  a  thermally  cycled  TCXO  versus  the  aging  of 
a  TCXO  of  the  same  design  held  at  constant 
temperature.  Table  II  is  a  summary  of  the 
results  of  aging  35  TCXO  (14  cycled  and  21 
constant  temperature  ) ,  Note  here  that  the 
usual  effect  is  to  worsen  the  total  aging  if 
the  TCXO  is  repeatedly  temperature  cycled,  as 


'"CYCLE''  CHAMBER 


TEMPERATURE  PROFILE 


»~FflEaUENCY  measurement  AT  THIS  TIIC 

Fig.  2  Thermal  profile  used  for  the 
aging-during-thermal-cycling  measurement . 
'•'requency-temperature  runs,  indicated  by  the 
triangular  profile,  were  made  once  per  week. 


AGING  VS  THERMAL  HISTORY 


Fig.  3  Representative  aging  curves  comparing 
TCXO  aged  at  constant  temperature  and  during 
thermal  cycling. 


AGING  VS  THERMAL  HISTORY 


LOT 

AGING  *  (ppm) 

AGING  »  (ppm) 

RATIO 

NUMBER 

CONST  TEMP 

TEMP  CYCLE 

CYC/CONST 

1 

.06 

.13 

2.1 

2 

.11 

.30 

2.7 

3 

.12 

.44 

3.6 

4 

.14 

.19 

1.3 

5 

.15 

2.3 

15.3 

6 

.17 

1.3 

7.6 

7 

.25 

.11 

.44 

•  TOTAL  FREQUENCY  CHANGE  FOR  38  DAYS  OF  AGING 


TABLE  II  Summary  of  results  of  aging  test. 
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Institute  of  Electrical  and  Electronic  Engineers 

Order  through:  IEEE  Service  Center 
445  Hoes  Lane 
Piscataway,  NJ  08854 

(201) -981-0060 

176- 1978  Piezoelectricity  $  9.00 

177- 1966  Piezoelectric  Vibrators,  Definitions 

and  Methods  of  Measurements  for  (ANSI 
C83. 17-1970)  $  4.00 

180-1962  Ferroelectric  Crystal  Terms,  Definitions 
of  $  3.00 

319-1971  Piezomagnetic  Nomenclature  $  4.00 

Electronic  Industries  Association 

Order  through:  Electronic  Industries  Assn. 

2001  Eye  Street,  N.W. 

Washington,  DC  20006 

(202) -457-4900 

(a)  Holders  and  Sockets 

RS-192-A,  Holder  Outlines  and  Pin  Connec¬ 
tions  for  Quartz  Crystal  Units.  (Standard 
Dimensions  for  older  types.)  $  6.80 

RS-367,  Dimensional  and  Electrical  Char¬ 
acteristics  Defining  Receiver  Type  Sockets. 
(Including  crystal  sockets.)  $20.20 

RS-417,  Crystal  Outlines  (Standard  dimensions 
and  pin  connections  for  current  quartz  crystal 
units  -  1974.)  $  7.80 

(b)  Production  Tests 

RS-186-E,  (All  Sections),  Standard  Test  Meth¬ 
ods  for  Electronic  Component  Parts  $42.00 

(c)  Application  Information 

Components  Bulletin  No.  6,  Guide  for  the  Use 
of  Quartz  Crystals  for  Frequency  Control 

$  4.90 

(d)  RS-477,  Cultured  Quartz  (Apr.  81)  $  5.50 

International  Electrotechnical  Comnission 


lEC  Publication  122-2  (1962)  Section  3: 
fiuide  to  the  use  of  Quartz  Oscillator  Crystals, 
including  Amendment  1  (1969). 

lEC  Publication  122-3  (1977)  Part  3:  Standard 
Outlines  and  Pin  Connections.  (Second  edition) 

lEC  Publication  283  (1968)  Methods  for  the  Measure- 
ment  of  frequency  and  Equivalent  Resistance  of 
Unwanted  Resonances  of  Filter  Crystal  Units 

lEC  Publication  302  (1969)  Standard  Definitions  and 
Methods  of  Measurement  for  Piezoelectric  Vibrators 
Operating  Over  the  Frequency  Range  up  to  30  MHz 

lEC  Publication  314  (1970)  Temperature  Control 
Devices  for  Quartz  Crystal  Units,  including 
Supplement  314A  Contents:  General  Characteris¬ 
tics  &  Standards;  Test  Conditions;  Pin  Connections 

lEC  Publication  31 4A  (1971)  First  Supplement  to 
Publication  314  (1970)  Contents:  Guide  to  the  Use 
of  Temperature  Control  Devices  for  Quartz  Crystal 
Units 

lEC  Publication  368  (1971)  Piezoelectric  Filters 
including  Anendment  1,  Amendment  2,  and  Supple¬ 
ment  368A  and  368B  Contents:  General  Information 
&  Standards  Values;  Test  Conditions 

lEC  Publication  368A  (1973)  First  Supplement  to 
Publication  368  (1971)  Contents:  Guide  to  the 
Use  of  Peizoelectric  Filters 

lEC  Publication  368B  (1975)  Second  Supplement  to 
Publication  368  (1971)  Contents:  Piezoelectric 
Ceramic  Filters 

I  EC  Publication  444  (1973)  Basic  Method  for  the 
Measurement  of  Resonance  Frequency  and  Equivalent 
Series  Resistance  Quartz  Crystal  Units  by  Zero 
Phase  Technique  in  a  f  -  Network 

lEC  Publication  483  (1976)  Guide  to  Dynamic  Measure¬ 
ments  of  Piezoelectric  Ceramics  with  High  Elec¬ 
tromechanical  Coupling 

Department  of  Defense 

Order  through:  Naval  Publication  S  Form  Center 
5801  Tabor  Avenue 
Philadelphia,  PA  19120 

MIL-C-3098  Crystal  Unit,  Quartz,  General  Specifica¬ 
tion  For 

MIL-H-10056  Holders  (Enclosures),  Crystal,  General 
Specifications  For 


Order  through:  Anerican  National  Standards  Inst. 
1430  Broadway 
New  York,  New  York  10018 


♦ANSI  can  quote  prices  on  specific  lEC  publication 
on  a  day  to  day  basis  only.  All  lEC  and  ISO 
standards  have  been  removed  from  its  Standards 
Catalog.  Cal  ANSI,  NYC  (212)-354-3300  for  prices. 


lEC  Publication  122-1  (1976) 

Quartz  crystal  units  for  frequency  crystal  and 
selection.  Part  1:  Standard  values  and  test 
conditions.  (Second  edition) 


MIL-STO-683  Crystal  Units,  Quartz/And  Holders, 
Crystal 

MIL-0-55310  Oscillators,  Crystal,  General  Specifi¬ 
cation  For 

MIL-F-18327  Filters,  High  Pass,  Low  Pass,  Band 
Pass  Suppression  and  Dual  Functioning,  General 
Specification  For 

MIL-0- 39021  Oven, Crystal , General  Specification  For 

MIL-0-55240  Oscillators,  Audio  Frequency 

MIL-F-28734  Frequency  Standards,  Cesium  Beam, 
General  Specification  For 

MIL-F-288n  Frequency  Standard,  Cesium  Beam  Tube 

MIL-C-24523-(SHIPS) ,  Chronometer  Quartz  Crystal _ 
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The  Proceedings  of  the  33rd  (1979)  and  34th  (1980)  Symposia  contain  a  bibliography  of  the  world-wide  literature 
on  precision  frequency  control  and  selection  compiled  by  Dr.  E.  A.  Gerber  for  the  years  1968-1978  with  part  of 
1980,  respectively. 

A  subject  and  author  index  for  the  Proceedings  of  the  10th  through  the  38th  Symposia  appears  as  a  supplement 
to  the  38th  Proceedings  volume. 
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